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I ron ,  magnesium, and calciwn w e r e  analyzed i n  o l i v i n e s  and 
ll~ol :A,,,,,d' I 

pyroxenes of 95 chondr i t ic  meteori tes  with an e l e c t r o n  microprobe. Of 

t hese ,  86 were 'o rd inary '  chondri tes ,  each of which has constant  i r o n -  

magnesium r a t i o s  i n  o l i v i n e  and pyroxene. Between d i f f e r e n t  meteorite: 

t h e s e  r a t i o s  vary wi th in  t h r e e  narrow ranges,  which r e f l e c t  t h e  H -  and 
?\ <. . .x.. (r . ..+' 

L-group chondri tes  [Urey --- and C r a i g ,  19531, as we l l ' a s  a t h i r d  group, 

designated t h e  LL-group. 

coex i s t ing  pyroxene i s  near ly  constant (-l.l), p a r t i c u l a r l y  wi th in  t h e  

groups mentioned. 

a c l a s s i f i c a t i o n  of stony meteori tes  i s  proposed. 

t h e  i r o n  content  i n  t h e  s i l i c a t e s  i s  not r e l a t e d  t o  t h e  degree of 

metamorphism ( r e c r y s t a l l i z a t i o n )  and t h a t ,  t he re fo re ,  t h e  composition 

of t h e  s i l i c a t e s  w a s  e s s e n t i a l l y  e s t ab l i shed  when t h e  chondrules were 

formed. 

m e t a l l i c  n icke l - i ron .  

sense,  although it can be appl ied  q u a l i t a t i v e l y  when comparing t h e  

d i f f e r e n t  groups of chondri tes .  

o l i v i n e s  and pyroxenes a r e  not i n  equi l ibr ium i n  s p i t e  of t h e i r  

The r a t i o  of i r o n  i n  o l i v i n e  t o  t h a t  i n  

Based on t h e  amount of i r o n  i n  s i l i c a t e s  and metal 

It i s  shown t h a t  

- 
Nor i s  t h e  fe r rous  i r o n  s t r i c t l y  r e l a t e d  t o  t h e  amount of 

Thus P r i o r ' s  r u l e  i s  not v a l i d  i n  i t s  o r i g i n a l  

It i s  demonstrated t h a t  coexis t ing  
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cons tan t  composition and t h e  constant  r a t i o  between t h e i r  i r o n  conten ts .  

Furthermore, t h e  me ta l l i c  n i cke l - i ron  seems t o  have o r ig ina t ed  i n  t h e  

same m e l t  as d i d  t h e  s i l i c a t e s .  

INTRODUCTION 

It has been previous ly  observed t h a t  chondri tes  show varying degrees 

i n  t h e i r  ox ida t ion  s t a t e .  For example, e n s t a t i t e  chondri tes  are almost 

f ree  of  d iva len t  and t r i v a l e n t  iron' and must have been formed under 

s t rong ly  reducing condi t ions .  I n  carbonaceous chordr i tes ,  however, 

t h e  i r o n  i s  almost completely oxidized t o  t h e  d iva len t  and t r i v a l e n t  

states, and only minor amounts of m e t a l l i c  n icke l - i ron  occm i n  them. 

The ordinary chondri tes  show a s t a t e  of ox ida t ion  somewhere between 

t h e s e  extremes, containing varying but  considerable  amounts of m e t a l -  

l i c  n i cke l - i ron  toge the r  with d iva len t  i r o n  compounds. P r i o r  [ 1916a, 

l92O] attempted, i n  h i s  c l a s s i c a l  papers ,  t o  c o r r e l a t e  t h e  mineral-  

o g i c a l  and chemical composition of t h e  s i l i c a t e  minerals and t h e  

m e t a l l i c  n i cke l - i ron  i n  chondri tes  w i th  t h e  degree of ox ida t ion .  

H i s  conclusion, based mainly on b u l k  chemical analyses ,  was ' t h e  less  

t h e  amount of n i cke l - i ron  i n  chondr i t ic  s tones,  t h e  r i c h e r  it i s  i n  

n i c k e l  and t h e  r i c h e r  i n  i r o n  a r e  t h e  magnesium s i l i c a t e s .  * This  

c o r r e l a t i o n ,  known s ince  then  as P r i o r ' s  r u l e ,  has been accepted by 

most subsequent i n v e s t i g a t o r s  and has been supported by la ter  au thors  

as Brown -- and Pa t t e r son  [1947a,b; 19481 and, more r ecen t ly ,  Ringwood 

[ 1961 I .  However, it has been questioned by %-e?. Y-- and Craig [ 1953 ] on 

t h e  b a s i s  of t h e i r  extensive study of ' supe r io r '  chemical analyses  of 
lE lec t ron  microprobe analyses  of s i l i c a t e s  from t h e  e n s t a t i t e  

~ 

chondr i tes  S t .  Marks, Indarch, and Hvi t t i s  show small amoants of 
d i v a l e n t  i ron .  

---\ 



-3 - 

chondr i tes  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  Whether or not t h e  i r o n  

content  i n  t h e  iron-magnesium sil icates of chondri tes  can serv-e as a 

q u a n t i t a t i v e  measure of t h e  degree of oxidat ion i s  not y e t  c e r t a i n .  

A comprehensive d iscuss ion  of t h i s  problem, p a r t l y  based on t h e  data 

presented below; wi  11 bP pi ih l i  shed- hy :i.ess ( i n  y re s s )  . 
Another c r u c i a l  problem f o r  any hypothesis on t h e  o r i g i n  of 

chondri tes  i s  t h e  ex is tence  of  c e r t a i n  d i s t i n c t  groups among t h e  

chondr i t i c  meteori tes .  Urey and Craig demonstrated i n  1953 t h e  

existence of two groups of chondri tes ,  one having a l o w  t o t a l  i r o n  

content (22.33 weight per  cen t ) ,  t h e  o ther  a high content (28.58 

weight per  c e n t ) .  These they  designated t h e  L-group and t h e  H-group. 

The ex is tence  of t hese  two groups can  a l s o  be  deduced from t h e  metal- 

l i c  n i cke l - i ron  content  and from t h e  s p e c i f i c  g rav i ty  [Ke i l  -J 1962a,b]. 

A t  p resent ,  it i s  not c l e a r  whether t h e  two groups ihould be a sc r ibed  

t o  two d i f f e r e n t  parent  bodies or two groups of bodies, as Urey and 

Craig suggested i n  1953, or whether t h e  L-group could have been 

der ived  from t h e  H-group by loss of m e t a l l i c  n icke l - i ron ,  accompanied 

by r e c r y s t a l l i z a t i o n  under s l i g h t l y  oxid iz ing  condi t ions 

[Ringwood, 1961 I .  

I n  t h e  pas t  years  many hypotheses concerning t h e  o r i g i n  of 

chondrules and chondr i t ic  meteori tes  have been proposed ( f o r  a sum- 

mary, s e e  Mason [1962b]). 

chondrules o r ig ina t ed  as molten d rop le t s  which l a t e r  accumulated i n t o  

l a r g e r  bodies .  The s t r u c t u r e  of t h e  chondrules and chondri tes  p re -  

sumably has l a te r  been influenced by r e c r y s t a l l i z a t i o n  and metamor- 

p h i c  processes ( e .  g . , Sorby [ 1877 1 ; Merril l  [ 19211 ; Kvasha [ 19581 ) . 

Yet, it i s  q u i t e  genera l ly  agreed t h a t  
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Students  of meteori tes  do not y e t  wholly agree whether t h e  bas i c  

d i f f e rence  i n  oxidat ion s t a t e  and i n  composition of t h e  phases i n  

chondrules and chondri tes  is  due t o  varying condi t ions during t h e  

chondrule formation as i s  held by Ringwood [1961] or  due t o  l a t e r  

r e c r y s t a l l i z a t i o n  and metamorphism, accompanied by a d i f fus ion  of 

i r o n  i n  s o l i d  s t a t e  from magnetite ass-med t o  be d i s t r l b u t e d  thro@-i- 

out t h e  matrix of t h e  pr imi t ive  chondrite i n t o  o l iv ine  and pyroxene 

i n s i d e  t h e  chondrules, producing t h e  d i s t r i b u t i o n s  now observed 

[Wood, 1962a,b; 1963a,b I .  

The present  study w a s  undertaken i n  t h e  hope t h a t  more accura te  

da t a  than  formerly have been ava i l ab le  on t h e  composition of coex i s t -  

ing minerals i n  chondri tes  could give some c lues  t o  t h e  problems 

ou t l ined  above. For t h i s  purpose t h e  i ron ,  magnesium, and calcium 

contents  of coexis t ing  o l i v i n e  (isomorphous s e r i e s  of Mg2Si04 -Fe2Si04) 

and rhombic pyroxene (isomorphous s e r i e s  of MgSiOs-FeSi03) i n  a l a r g e  

number of d i f f e r e n t  chondri tes  have been measured. 

METHOD 

I n  t h e  pas t ,  t h e  composition of coexis t ing  o l iv ines  and rhombic 

pyroxenes i n  chondri tes  has been ca lcu la ted  from bulk ckemical a n a l -  

yses  (a process not always r e l i a b l e  Wiik - [1956]), has been determined 

by analyzing mechanically separated pure mineral  phases, has been 

measured o p t i c a l l y ,  o r  it has been obtained by X-ray d i f f r a c t i o n .  

The chemical ana lys i s  of separated phases i s  r a t h e r  r e s t r i c t e d  because 

of t h e  problems involved i n  c lean separa t ion  of t h e s e  phases from t h e  

complex intergrowths i n  chondrites.  Furthermore, t h e  chemical ana lys i s  
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of separa ted  phases gives  t h e  bulk composition of a l a r g e  number of 

i nd iv idua l  c r y s t a l s  of t h e  same material without tak ing  i n t o  account 

t h e  poss ib l e  v a r i a b i l i t y  i n  composition from g r a i n  t o  g r a i n  or  t h e  

zonal  s t r u c t u r e .  

composition of t h e  occasional ly  occurring f i n e  exsolut ion lamellae 

i n  pyroxenes, which d i f fe r  i n  composition from t h e  host  pyroxene. 

Las t ly ,  t h e  e r r o r  involved i n  the  o p t i c a l  as we l l  as t h e  X-ray d i f -  

f r a c t i o n  techniques i s  r e l a t i v e l y  high, amounting t o  some 10 per  cen t .  

Nor can chemical ana lys i s  enable  measurement of t h e  

I n  comparison t o  use of those  methods, t h e  e l e c t r o n  microprobe 

has proved t o  be a p a r t i c u l a r l y  use fu l  t o o l  f o r  solving t h e  problems 

mentioned. With t h e  use of proper s tandards,  t h e  p rec i s ion  of t h e  

ind iv idua l  r e s u l t s  i s  as good a s  kO.l$ Fe and +0.2$ Mg i n  o l i v i n e  

and rhombic pyroxene while t h e  accuracy i s  i n  t h e  order  of 20.3% Fe 

and I@. 

y s i s  of s i n g l e  g ra ins ,  as small as a f e w  microns i n  s i z e ,  as w e l l  as of 

t h i n  exsolu t ion  lamellae and c r y s t a l s  with zonal s t r u c t u r e .  

Furthermore, t h e  method i s  nondestruct ive and permits a n a l -  

The measurements were made on pol i shed  sec t ions  of  a diameter 

of 1 . 5  t o  2.5 em, which had been coated with a l a y e r  of carbon a f e w  

hundred Angstroms t h i c k .  The composition of o l i v i n e s  and rhombic 

pyroxenes i n  95 chondri tes  w a s  determined by using a modified ARL 

e l e c t r o n  microprobe X-ray analyzer (ARL refers t o  Applied Research 

Laborator ies ,  Glendale, Ca l i fo rn ia ) .  This  instrument i s  equipped 

wi th  t h r e e  d i spe r s ive  monochromators which enable t h e  measurement of 

t h r e e  d i f f e r e n t  elements ( t h r e e  d i f f e r e n t  wavelengths) at t h e  same 

t ime.  Therefore,  i t  w a s  poss ib le  t o  measure Fe, Mg, and Ca simul- 

taneously and i n  exac t ly  t h e  same p o s i t i o n  on t h e  sample. A t  least  
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four analyses ,  3 t o  5 microns apa r t ,  were usua l ly  made on each g ra in .  

Some 20 t o  30 o l i v i n e  and rhombic pyroxene g ra ins  from each meteor i te  

were measured. From each of t h e  minerals  with varying composition o r  

zonal s t r u c t u r e  as many as seve ra l  hundred g ra ins  were analyzed. The 

composition of t h e  c r y s t a l s  was t h e n  a sce r t a ined  by moving t h e  sample 

i n  s t eps  from 4 t o  20 microns under t h e  f i x e d  e l ec t ron  beam, thus  

covering t h e  g r a i n  with rows of ana lyses .  

For t h e  q u a n t i t a t i v e  ana lys i s  of Fe and Mg i n  o l iv ines ,  f i v e  

chemically analyzed o l i v i n e s  and a pure f o r s t e r i t e  (< 0 . 1  weight per  

cent  Fe) from t h e  Norton County achondr i te  [Ke i l  -- and Fredriksson,  

1963bI were used as s tandards,  thus  covering t h e  range from f pure 

?!&Si04 t o  45.3 mol per  cent Fe2Si04. 

t h e s e  o l i v i n e s  ( c f .  Ross, e t  a l . ,  [1954] on o l iv ines  from Ludlow, 

Ca l i fo rn ia ,  and from S a l t  Lake Crater, Oahu, Hawaiian I s l ands ;  and 

a l s o  Yoder -- and Sahama [1957] on o l i v i n e s  from Susimaki, Finland,  

from Ul ten tha l ,  Tyrol ,  Aus t r ia ,  and from t h e  Mar ja lah t i ,  Finland, 

meteor i te )  t h e  Fe and 14g values  were ca lcu la ted ,  t h e  s m a l l  amount 

of Fe203 being a sc r ibed  t o  magnetite i nc lus ions .  The chemical com- 

p o s i t i o n  and t h e  degree of homogeneity of t h e s e  s tandards were con- 

t r o l l e d  by using t h e  microprobe t o  analyze them agains t  pure m e t a l l i c  

i r o n  s tandards .  

de t ec to r  deadtime, background, mass absorpt ion,  and atomic number,2 

agreement with t h e  chemical analyses  was found t o  be +O.3% Fe. With 

use of t h e  values  given by t h e  chemical ana lys i s ,  Fe and Mg c a l i b r a -  

t i o n  curves were drawn f o r  t h e  o l i v i n e s  ( f i g .  l), and f u r t h e r  va lues  

2The f luorescence  co r rec t ion  was found t o  be  neg l ig ib l e .  

From t h e  chemical analyses  of 

After cor rec t ions  were made f o r  wavelength s h i f t ,  
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were evaluated g raph ica l ly .  For Fe and Mg i n  rhombic pyroxenes, 

c a l i b r a t i o n  curves were ca l cu la t ed  t h e o r e t i c a l l y  from t h e  o l i v i n e  

curves by applying t h e  proper mass absorp t ion  co r rec t ions .  I n  order 

t o  c o n t r o l  t h e  t h e o r e t i c a l  c a l i b r a t i o n  curves f o r  rhombic pyroxene, 

t h r e e  pyroxenes with known composition were measured (two ana lyses  

by ~ Engel, -- e t  a l . ,  i n  p re s s ,  Nos. AC 362-or and A 104-0r, and pure 

e n s t a t i t e  (< O.l$ Fe) from t h e  Norton County achondr i t e ) .  

r e t i c a l  curves f o r  rhombic pyroxene a r e  shown i n  f i g u r e  2.  

va lues  of a l l  three pyroxenes match t h e  curve w e l l  wi th in  t h e  p r e c i -  

s i o n  of t h e  technique. The zero po in t  i n  t h e  Fe curve i s  i d e n t i c a l  

w i th  t h e  value of t h e  e n s t a t i t e  from t h e  Norton County achondr i te .  

The Fe va lue  of a n a l y s i s  AC 362-or matches t h e  t h e o r e t i c a l  curve 

c l o s e l y .  

t h i s  va lue  according t o  t h e  chemical analyses i s  considerably lower 

t h a n  t h e  Fe va lues  of t h e  f i v e  other pyroxenes analyzed by Engel, 

e t  a l .  ( i n  p r e s s ) ,  which have near ly  t h e  same composition wi th  

r e g a r d  t o  t h e  o ther  elements present .  Since,  i n  p a r t i c u l a r ,  t h e  

Mg values  of t h e  t w o  analyses a r e  almost i d e n t i c a l ,  it would seem 

t h a t  t h e  chemically obtained Fe value of sample A 104-Or i s  somewhat 

t o o  low, t h i s  being t h e  probable reason f o r  t h e  disagreement with 

The theo-  

The Mg 

The Fe value of ana lys i s  A 104-Or d i f f e r s  somewhat. But 

t h e  t h e o r e t i c a l  curve and t h e  analyses of t h e  o ther  rhombic 

pyroxenes. 

The Ca content i n  rhombic pyroxene w a s  measured by use of 

chemical ly  analyzed andesine ( C a  = 6.9; A1 = 14.4; S i  = 26.6 weight 

per  c e n t )  and t h e  Ca-rich pyroxene samples A 1 0 4 4 1  and AC 3 6 2 - ~  

(Engel, 

mass absorp t ion  co r rec t ions .  

e., i n  p r e s s )  as standards,  t ak ing  i n t o  account t h e  

The p rec i s ion  w a s  found t o  be +O.l$ Ca. 
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Although t h e  accuracy of t h e  results i s  c h i e f l y  dependent upon 

t h e  q u a l i t y  of t h e  c a l i b r a t i o n  curves discussed above, t h e  p rec i s ion  

of t h e  results depends on contamination e f f e c t s  caused by t h e  e l e c -  

t r o n  beam on t h e  spot  t o  be analyzed, f l uc tua t ions  i n  t h e  e l e c t r o n i c s ,  

and on t h e  v a r i a b i l i t y  i n  composition of t h e  s tandards.  

analyses  were always c a r r i e d  out with t h e  same i n t e g r a t i o n  t ime,  t h e  

contamination e f f e c t  i s  negl ig ib le .  Furthermore, it w a s  found t h a t  

o p t i c a l  refocusing d id  not a f f e c t  t h e  readout .  I n  order  t o  evaluate 

t h e  e f f e c t s  of t h e  e l e c t r o n i c  f luc tua t ions  and poss ib l e  inhomogenei- 

t i e s  i n  t h e  s tandards,  20 measurements, i n  pos i t i ons  3 microns 

a p a r t ,  were made on t h e  o l i v i n e  standard Mar ja lah t i .  

w a s  found t o  be 3~0.1% Fe and -10.276 Mg (Table 1). 

Since t h e  

The p rec i s ion  

RESULTS 

The 95 d i f f e r e n t  chondri tes  examined i n  t h e  present  s tudy a r e  

included i n  a lphabe t i ca l  order i n  Table 2 showing t h e  metal  contents  

of some of t h e  chondri tes .  

i nc reas ing  i r o n  i n  o l iv ine .  

of any one of t h e  examined chondri tes  i n  Table 3, i n  which t h e  ana l -  

y t i c a l  r e s u l t s  a r e  presented.  

and p l o t t e d  i n  seve ra l  o ther  t ab le s  (4 ,  5, 6) and a r e  shown i n  

f i g u r e s  4 t o  12  i n  order t o  i l l u s t r a t e  t h e  f a c t s  discussed below. 

The r e s u l t s  of s tud ie s  of some other types of meteor i tes  descr ibed 

elsewhere [Fredriksson -- and Kei l ,  1963; K e i l  -- and Fredriksson,  1963b; 

Mason, e t  a l . ,  i n  p r e s s ]  w i l l  be  discussed s o  f a r  as they a r e  of 

s i g n i f i c a n c e  t o  t h e  present  problems ( c f .  f i g s .  13 and 1 4 ) .  

They are numbered i n  t h e  order of 

These numbers f a c i l i t a t e  t h e  f ind ing  

These r e s u l t s  have been r eca l cu la t ed  

- _ _  
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The 95 meteor i te  samples were randomly se l ec t ed  from s e v e r a l  

meteor i te  c o l l e c t i o n s  without preference f o r  one or  t h e  o ther  type  

of chondri te .  

were bel ieved not t o  be a l t e r e d  by t e r r e s t r i a l  oxidat ion and weather- 

ing .  

Trig t h e i r  names. 

Finds were only included i n  t h e  study as far as they 

I n  t h e  t a b l e s ,  t h e  18 f i n d s  are indica ted  by a s t e r i s k s  follow- 

The r e s u l t s  of t h e  study a r e  s t a t e d  i n  t h e  

following four  sec t ions .  

Constancy i n  Composition of Olivines  and Rhombic Pyroxenes 

i n  Any Ordinary Chondrite 

The analyses  show t h a t  usual ly  i n  a given meteori te  t h e  

composition of o l iv ines  and rhombic pyroxenes i s  near ly  cons tan t .  

This  f a c t  has a l ready  been ind ica ted  by t h e  sharp peaks found i n  

X-ray d i f f r a c t i o n  pa t t e rns  [Mason, 1960, 19631. 

microprobe r e s u l t s  d i f f e r e n t  o l iv ine  and rhombic pyroxene g ra ins  

According t o  t h e  

of a given chondri te  vary l e s s  than tl$ Fe and Mg. 

an example. 

from 17 d i f f e r e n t  chondrules of d i f f e r e n t  s i z e s  from t h e  B ju rb i j l e  

Figure 3 shows 

Analyses were made of 84 ind iv idua l  o l i v i n e  gra ins  

chondr i te .  The r e s u l t s  a r e  p l o t t e d  i n  a frequency d i s t r i b u t i o n  

diagram, i l l u s t r a t i n g  t h e  remarkable uniformity i n  composition. 

(This  uniformity w a s  a l s o  observed f o r  c r y s t a l s  i n  t h e  mat r ix . )  

Table 7 l i s t s  t h e  average composition of t h e  84 o l i v i n e  g ra ins  

as w e l l  as of l 5  rhombic pyroxene g ra ins  (from 6 d i f f e r e n t  chon- 

drules) of t h e  same m e t e ~ r i t e . ~  

s tandard  devia t ions  f o r  Fe, Mg, and C a  demonstrate t h e  uniformity 

Here again t h e  r a t h e r  small 

3Much g r e a t e r  v a r i a t i o n s  (o l iv ine :  18 t o  29% f a y a l i t e ;  rhombic 
pyroxene: 
probably due t o  inaccura te  measurements. 

18 t o  21% o r t h o f e r r o s i l i t e )  repor ted  by Wood [1962b] a r e  
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i n  composition of t hose  minerals .  (For another example, compare t h e  

analyses  of 155 i nd iv idua l  o l iv ines  and lo7 i nd iv idua l  rhombic pyrox- 

enes of t h e  Pantar chondri te  [Fredriksson - and Keil ,  19631.) 

constancy i n  composition of o l iv ine  and rhombic pyroxene holds t r u e  

fo r  tlb OY t h e  95 cnonCiriies stiidieci (ai;d ~ s t c d  i n  ~ahle 3 ) ;  The 

values  given i n  t h i s  t a b l e  a r e  averages of s eve ra l  analyses  of Fe 

and Mg i n  10 t o  20 o l iv ines  and of Fe, Mg, and Ca i n  10 t o  20 rhombic 

pyroxenes. 

Fe 
Fe + Mg 

Such 

- /  

The C a  content i n  o l iv ine  w a s  found t o  be  < 0 . 1  per cent .  The 

r a t i o s  have been ca lcu la ted  from t h e  Fe and Mg averkges. 

Since t h e  p rec i s ion  of t h e  microprobe.measurements i s  high 

(tO.l$ Fe, t0.2$ Mg), t h e  average values given i n  T a b l e  3 a r e  char -  

a c t e r i s t i c  numbers f o r  any given chondri te  which might, i n  connection 

with t h e  d i f f e r e n t  macroscopical and microscopical appearance of 

chondri tes  (co lor ,  degree of metamorphism, e t c . ) ,  se rve  t o  i d e n t i f y  

mislabeled specimens. 

Chondrites With Olivines  and Pyroxenes of Varying Composition 

I n  almost 10 per cent of t h e  chondri tes  examined t h e  o l i v i n e s  

and pyroxenes vary i n  composition. 

analyses  of i nd iv idua l  o l i v i n e s  and pyroxenes from t h e s e  meteor i tes .  

Unfortunately,  from seve ra l  of them only very small samples were 

made a v a i l a b l e  f o r  ana lys i s .  Consequently, sampling e r r o r s  may 

a f f e c t  t h e  r e s u l t s ;  however, more d e t a i l e d  s t u d i e s  of t h e s e  mete- 

o r i t e s  on l a r g e r  samples are planned f o r  t h e  near f u t u r e .  The 

v a r i a b i l i t y  i n  composition of o l iv ines  and pyroxenes i n  t h e  chon- 

d r i t e s  Lis ted  i n  Table 8 usua l ly  does not exceed 10 t o  15 mol per 

cent  

T a b l e  8 shows t h e  r e s u l t s  of 

. Some of t h e  c r y s t a l s  show zonal s t r u c t u r e ;  o thers  Fe 
Fe + Mg 
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do not .  

(i. e . ,  which have only one va lue  l i s t e d  f o r  Fe and one f o r  Mg) m y  

poss ib ly  have some zonal s t ruc tu re ,  which a chance o r i e n t a t i o n  i n  

t h e  sec t ion  plane might have prevented from being v i s i b l e  and having 

i t s  v a r i a t i o n s  measured. The chondrite Chainpur, i n  p a r t i c u l a r ,  i s  

an  example of a meteor i te  containing pyroxenes and e s p e c i a l l y  

o l i v i n e s  with d i s t i n c t  zonal s t r u c t u r e .  The d i f f e rence  i n  t h e  

The g ra ins  l i s t e d  i n  Table 8 which do not show zoning 

Fe r a t i o s  from t h e  center  t o  t h e  r i m  i s  r a t h e r  large i n  s e v e r a l  Fe + Mg 

c r y s t a l s  and sometimes it exceeds 10 mol per cent ;  some of’ t h e  

r e s u l t s  a r e  summarized i n  f i g u r e  13. I n  t h e  Murray carbonaceous 

chondr i te  t h e  ind iv idua l  o l i v i n e  and pyroxene gra ins  do not exh ib i t  

an extensive zoning, but t h e i r  composition v a r i e s  over a l a r g e  range 

from g ra in  t o  g r a i n  ( o l i v i n e  0.3 t o  91.2; pyroxene 0 .4  t o  45.4 mol 

per  cent  

s e v e r a l  hundred analyses  of o l iv ines  and pyroxenes from t h e  Chainpur 

Fe f i g .  1 4 ) .  More d e t a i l e d  descr ip t ions  of t h e  Fe + Mg’ 

chondr i te  and t h e  Murray carbonaceous chondri te  a r e  given elsewhere 

[Mason, et a l . ,  i n  press;  Fredriksson and Kei l ,  i n  p r e s s ] .  -- 
r 

The Rela t ion  Between I ron  i n  Coexisting Olivine and 

i n  Rhombic Pyroxene of Chondrites 

It has been pointed out above t h a t  f o r  t h e  majori ty  of  

chondri tes  s tud ied  t h e  composition of o l iv ines  as we l l  as t h a t  of  

rhombic pyroxenes i s  near ly  constant from gra in  t o  g r a i n  of a given 

meteor i te .  Only t h e s e  meteori tes  have been p l o t t e d  i n  t h e  diagrams 

t o  be discussed.  

Fe i n  o l i v i n e  Fe + Mg 

r a t i o s  i n  t h e  coexis t ing  rhombic 

I n  f i g u r e  4 t h e  average m o l  per cent r a t i o s  

have been p l o t t e d  versus  t h e  Fe Fe + 
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pyroxenes. It i s  apparent t h a t  t h e  po in ts ,  each of which r ep resen t s  

one chondri te ,  c h a r a c t e r i s t i c a l l y  c l u s t e r  i n t o  t h r e e  d i s t i n c t  groups 

i d e n t i c a l  with t h e  Urey-Craig [ 19531 L-group and H-group of chondri tes  

and t h e  Soko-Banja LL-group (Low iron-Low metal)  e s t ab l i shed  by 

P r i o r  [ i916a I .  

-- 

Fe r a t i o s  of coexis t ing  o l iv ines  

and rhombic pyroxenes i n  chondrites a r e  concentrated along an approx- 

imately s t r a i g h t  l i n e .  (This f a c t  i s  f u r t h e r  i l l u s t r a t e d  i n  f i g .  5 . )  

Only t h e  chondri te  Ramsdorf deviates  considerably.  Although t h e  sam- 

the Fe + ~g 
According t o  f i g u r e  4, 

. 
p l e  a v a i l a b l e  from it w a s  very small, i t s  pyroxene w a s  found t o  have 

t h e  highest  calcium content noted among t h e  chondri tes  s tud ied ,  namely 

1.1 per  cent .  

l a r g e r  samples, i s  planned f o r  t h e  near f u t u r e . )  

i n  o l i v i n e  a r e  s l i g h t l y  higher than i n  coexis t ing  rhombic pyroxene as- 

( A  more d e t a i l e d  study of t h e  Ramsdorf meteori te ,  with 

Fe r a t i o s  The Fe + M g  

f i g u r e  4 r evea l s  and as had been previously noted by Mason [1962al. 

I n  t h e  diagram i n  f i g u r e  6 t h e  differences 

Of t h e  chondri tes  l i s t e d  i n  Table 3 a r e  p l o t t e d  aga ins t  t h e  f a y a l i t e  

(Fe2Si04) content of t h e  o l iv ines .  This diagram shows t h a t  with 

inc reas ing  i r o n  content i n  t h e  s i l i c a t e s  t h e  d i f f e rence  between 
t 

Fe i n  pyroxene a l s o  increases .  Fe 
Fe + M g  Fe + Mg i n  o l i v i n e  and 

The LL-, L-, and H-Groups of Chondrites 

The present  analyses  of o l iv ine  and rhombic pyroxene p a i r s  

i n d i c a t e  t h e  ex is tence  of t h r e e  d i s t i n c t  groups among chondri tes  
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( s e e  f i g .  4 ) .  

with t h e  L-group and H-group chondrites of Urey and Craig [1953] and 

with t h e  hypersthene and bronzi te  chondri tes  of P r i o r  [l92O]. 

It i s  apparent that the  f irst  two groups are i d e n t i c a l  

--- 
The 

t h i r d  group i s  i d e n t i c a l  with t h e  Soko-Banja group chondri tes  of 

P r i o r  [1916al. Table 5 shows t h a t  t h e  t o t a l  i r o n  content i n  t h e  

Soko-Banja group i s  almost t h e  same as i n  t h e  L-group chondri tes ,  

whereas t h e  me ta l l i c  n i cke l - i ron  content i s  considerably lower. For 

t h i s  reason t h e  group cons t i t u t ed  of Soko-Banja type  chondri tes  

should properly be designated the  Low iron-Low metal  (or LL-group) 

of chondri tes .  

F ive  among t h e  86 chondrites l i s t e d  i n  Table 3 were found t o  

belong t o  t h e  LL-group. 

Oberlin,  Soko-Banja, and Vgrvik. 

rhombic pyroxene a r e  d i s t i n c t l y  higher i n  Vgrvik t h a n  i n  t h e  four  

o ther  chondri tes  of t h i s  group. 

ence of a fou r th  group, or of a subgroup; s ince  adequate s t a t i s t i c s  

a r e  lacking t h i s  chondri te  has simply been included i n  t h e  LL-group. 

These a re  Cherokee Springs,  Dhurmsala, 

Fe r a t i o s  for o l i v i n e  and The Fe + Mg 

This  possibly may suggest t h e  e x i s t -  

The da ta  presented i n d i c a t e  t h a t  t h e  i r o n  content i n  o l i v i n e  

and rhombic pyroxene can be an excel lent  c r i t e r i o n  f o r  c l a s s i f y i n g  

a s p e c i f i c  chondri te  i n  one of t he  t h r e e  groups. 

t h e  spread i n  t h e  i r o n  content of o l i v i n e  and rhombic pyroxene wi th in  

each group i s  r a t h e r  small. 

20.6 ( o l i v i n e )  and 11.2 t o  12.3 (rhombic ppoxene ) ;  i n  t h e  L-group 

it v a r i e s  from 15.8 t o  17.9 (o l iv ine )  and from 9.0 t o  10.9 (rhombic 

pyroxene); and i n  t h e  H-group it va r i e s  from 11.9 t o  14.3 ( o l i v i n e )  

and from 7.7 t o  8.8 (rhombic pyroxene). 

Table  3 shows t h a t  

I n  the  LL-group it v a r i e s  from 19.0 t o  

A s  i l l u s t r a t e d  i n  f i g u r e  4, 
.) 
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Fe 

Fe + ?4g a l l  t h r e e  groups axe c l e a r l y  defined. 

r a t i o s  a r e  p l o t t e d  i n  frequency d i s t r i b u t i o n  diagrams f o r  o l i v i n e  and 

rhombic pyroxene. Again, t h e  th ree  groups, and l ikewise  t h e  sharp 

boundaries between them, a r e  c l e a r l y  recognizable.  

I n  f i g u r e s  7 and 8, t h e  

The calcium content i n  t h e  rhombic pyroxene, which v a r i e s  

wi th in  r a t h e r  narrow l i m i t s ,  i s  not s i g n i f i c a n t l y  d i f f e r e n t  i n  chon- 

drites of t h e  LL-, L-, and H-groups, although t h e r e  may be a s l i g h t  

tendency toward higher calcium content i n  those  of t h e  L-group i n  

comparison with those  of t h e  H-group ( f i g s .  9 and 10). 

Fe i n  o l iv ine ,  and f o r  Fe + Mg The average values  for Fe, Mg, and 

Fe 
Fe + Mg 

t n  rhombic pyroxene, of t h e  chondri tes  l i s t e d  Fe, Mg, C a ,  and 

i n  Table 3, a r e  given i n  T a b l e  4 ,  separated i n t o  LL-, L-, and H-groups, 

and a column f o r  t h e  t o t a l  chondrites i nves t iga t ed .  

va-rious c h a r a c t e r i s t i c  chemical-mineralogical parameters for LL-, L-, 

and H-group chondri tes  are compiled. 

t h e  d e f i n i t e  c l a s s i f i c a t i o n  of a given chondri te  i n t o  i t s  proper group 

is  poss ib le .  

I n  Table 5 t h e  

On t h e  basis of  t h e s e  parameters, 

DISCUSSION 

The importance of  t h e  composition of coexis t ing  o l iv ines  and 

pyroxenes for considerat ions r e l a t e d  t o  t h e  h i s t o r y  of rocks has ear ly  

been r e a l i z e d ,  and many important papers have been published deal ing 

wi th  chemical analyses  and with t h e o r e t i c a l  ca l cu la t ions  of t h e s e  

assemblages i n  p lu tonic ,  volcanic,  and metamorphic rocks (e .g . ,  

A t l a s  [1952]; Bartholome [1962]; Bowen -- and Schai re r  [19351; Brown [19571; 

Brown, - -- e t  a l .  [1961]; Hess - [ l g k l ,  19491; Hess -- and P h i l l i p s  [1938, 19401; 
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Hori - [1956]; Howie [19551; K- [19$4]; Kuno and Nagashim 119521; 

Mueller [ l960,  19611; Muir [1951]; Muir and T i l l e y  [1957, 19581; 

0 'Hara [ 19601; Poldervaart  [ 19471; Poldervaart  -- and Hess [19511; 

Ramberg [1952]; Ramberg - and DeVore [1951]; - Ross, -- e t  a1.[19541; Sahama 

a.nd Torgeson [1.?4?a:b]; Schairer  and -- Boyd Cl956, 19571; Wager and 

Deer [ 19391; Wilson [1960]; Yoder and Sahama [19$71). 

- 
- 

Systematic study of coexis t ing o l iv ines  and rhombic pyroxenes i n  

meteori tes  has been made t o  much l e s s  ex ten t .  Most important a re  the 

s tud ie s  of Hess -- and Henderson [1949], Mason [1962a], Mueller [1963], 

P r i o r  [1916a], Ringwood [1361], and Wahl - [1907]. 

Mason [1962a], who s tudied  t h e  composition of  o l iv ines  by means 

of r e f r a c t i v e  index measurements i n  a l a r g e  number of chondri tes ,  

published a frequency d i s t r i b u t i o n  diagram of t h e  

o l iv ines ,  which agrees f o r  t h e  most p a r t  with f i g u r e  7 of t h e  present  

study. H i s  

determined i n  t h e  present  study although t h e  devia t ion  i s  s l i g h t ,  

Fe . The LL-, L-, and H-group amounting t o  only one mol per cent 

peaks are recognizable i n  h i s  f igures ,  but t h e  boundaries between t h e  

groups a r e  not so d i s t i n c t  as they a r e  i n  f i g u r e  7 of t h e  present  

Fe r a t i o s  i n  Fe + Mg 

Fe 
Fe + Mg values  seem t o  be sys temat ica l ly  higher than  those  

Fe + Mg 

study.  

technique used by Mason i s  considerably higher being i n  t h e  order of 

10 per  cent ,  which amounts t o  51.0 t o  +1.5$ Fe. 

This r e s u l t s  from t h e  f ac t  t h a t  t h e  e r r o r  involved i n  t h e  

The C las s i f i ca t ion  of Chondrites 

Several  c l a s s i f i c a t i o n s  of meteori tes  and p a r t i c u l a r l y  of 

chondri tes  have been proposed i n  t h e  pas t  years  [Brezina, 1904; 
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Pr io r  -7 1916a, 1920; Urey - - and -7 Cra ig  1953; Boato, 1954; Wiik, - 1956; 
Mason, 19623; Javnel ,  1962, 19631, but a number of t h e  supposedly 

'newly discovered'  groups were found t o  be i d e n t i c a l  with groups t h a t  

e a r l i e r  authors had already recognized and named. 

exis tence of a number of d i f f e ren t  terms f o r  t h e  same th ing  and has 

made t h e  proper c l a s s i f i c a t i o n  of chondri tes  complicated and of ten  

confusing, p a r t i c u l a r l y  f o r  nonspec ia l i s t s  i n  t h i s  f i e l d .  

t i o n  t o  t h i s  s i t u a t i o n ,  some fu r the r  confusion i s  caused by improper 

use of some mineral  names, p a r t i c u l a r l y  i n  $he cases of t h e  bronzi te -  

o l i v i n e  and hypersthene-olivine chondrites.  It has been shown i n  t h e  

present  paper t h a t  t h e  ordinary chondrites do not conta in  rhombic 

pyroxene with hypersthene composition, but i n s t ead  contain exclusively 

rhombic pyroxene w i t h  b ronz i te  composition. 

rhombic pyroxenes a s  i n i t i a t e d  by Poldervaart  [1947 1 and by Poldervaart  

and Hess - [1951] i s  widely accepted i n  modern l i t e r a t u r e  and handbooks 

on t e r r e s t r i a l  rocks,  and it should be adopted i n  regard  t o  meteori te  

minerals as wel l .  The c l a s s i f i c a t i o n  suggested by Poldervaart  [19471 

i s  pr imari ly  chemical, and f o r  t he  rhombic pyroxenes it i s  as follows: 

e n s t a t i t e  0 t o  10; b ronz i t e  10 t o  30; hypersthene 30 t o  50; f e r r o -  

hypersthene 50 t o  70; e u l i t e  70 t o  90; and o r t h o f e r r o s i l i t e  90 t o  

100 mol per cent  FeSi03. I n  f a c t ,  t h e  composition of t h e  rhombic 

pyroxenes i n  bronzi te -o l iv ine  and hypersthene-olivine chondrites 

v a r i e s  within t h e  ranges of 17.2 t o  14.7 and 21.7 t o  17.9 mol per cent ,  

respec t ive ly ;  t h a t  i s  t o  say, per d e f i n i t i o n  t h e  rhombic pyroxene i n  

both bronzi te -o l iv ine  and hypersthene-olivine chondrites i s  bronzi te  . 
I n  order t o  avoid misunderstanding, it i s  the re fo re  recommended t h a t  

This l e d  t o  t h e  

I n  addi -  

The nomenclature of 
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t h e  names High ( H )  and Low (L)  i r o n  groups of Urey and Craig [1953] 

be  used in s t ead .  

--- 
I n  t h e  following paragraph a chondri te  c l a s s i f i c a -  

t i o n  i s  proposed which i s  based on t h e  best  a n a l y t i c a l  da t a  a v a i l a b l e .  

So as not t o  complicate t h e  matter, a n  attempt has been made t o  use 

names which have some chemical-mineralogical s ign i f i cance  and which 

a r e  most commonly used by t h e  imjo r i ty  of i nves t iga to r s  i n  t h i s  field. 

For t h e  LL-, L-, H-, and HL-groups of chondri tes ,  t h e  c l a s s i f i c a t i o n  

i s  based on two parameters, namely, t h e  t o t a l  i r o n  and t h e  m e t a l l i c  

n icke l - i ron .  The LL-,' L-, and H-groups have been descr ibed i n  d e t a i l  

i n  t h e  previous chapter and t h e i r  c h a r a c t e r i s t i c  chemical-mineralogical 

parameters have been swnmarized i n  Table 5 .  
f 

The group of chondri tes  

cons i s t ing  of meteor i tes  of t h e  Ornans type  ( t h e  p igeoni te  chondri tes  

of Mason [1962al) have a t o t a l  i r o n  content  similar t o  t h a t  i n  H-group 

chondr i tes ,  while  t h e i r  m e t a l l i c  n icke l - i ron  content i s  considerably 

lower and v a r i e s  i n  t h e  order  of 1 t o  4 weight per  cent  [Wiik, 19561. 

Therefore  t h i s  group should properly be named High iron-Low metal  (HL) 

group of chondri tes .  A t  t h e  present t i m e  t h e  e n s t a t i t e  chondri tes  

cannot be c l a s s i f i e d  i n  accordance wi th  t h e  p r i n c i p l e  ou t l ined  above 

s i n c e  t h e  a v a i l a b l e  analyses  show a h ighly  varying amount of t o t a l  

i r o n .  The t o t a l  i r o n  va lues  range a l l  t h e  way from L-group t o  H-group 

chondri tes ,  and even considerably above H-group chondri tes .  For t h i s  

reason  t h e  customary nane e n s t a t i t e  chondri tes  has been r e t a ined .  The 

t o t a l  i r o n  content of t h e  carbonaceous chondri tes  i s  s i m i l a r  t o  t h a t  

of H-group chondri tes ,  while  t h e i r  content  of m e t a l l i c  n icke l - i ron  

i s  e s s e n t i a l l y  zero.  The c l a s s i f i c a t i o n  p r i n c i p l e s  mentioned have 

not  been appl ied  t o  t h i s  group because t h e n  t h e  two subgroups of t h e  
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carbonaceous chondri tes  ( type I and type  I1 of Wiik - [1956]) would be 

merged i n t o  one s i n g l e  group. Y e t ,  bas ic  mineralogical  and chemical 

d i f fe rences  other  than t o t a l  i r o n  content between t h e  two subgroups 

a r e  so s t r i k i n g  t h a t  it seemed advisable  t o  adopt t h e  c l a s s i f i c a t i o n  

i n t o  type  I and type 11. The type I11 carbonaceous chondri tes  of 

--. wiik - [1956] a r e  so  c h a r a c t e r i s t i c a l l y  d i f f e r e n t  from t h e  type  I and 

type.  I1 t h a t  they seem t o  belong i n  s t i l l  a separa te  group, t h e  

HL-group or pigeoni te  chondri tes  o f  Mason [1962aI. Type I carbona- 

ceous chondri tes  do not conta in  chondrules and the re fo re  (per  defi- 

n i t i o n )  should not be designated chondrites at a l l .  However, they 

have customarily been r e t a ined  i n  t h a t  c l a s s i f i c a t i o n  because they  

seem t o  be c lose ly  r e l a t e d  t o  type I1 carbonaceous chondri tes .  

i s  hoped t h a t  f u r t h e r  s tud ie s  may al low a more p rec i se  mineralogical  

It - 

c l a s s i f i c a t i o n  i n  t h e  fu tu re .  

I n  order t o  make t h e  following compilation as complete as 

p o s s i b l e  other  names present ly  i n  use have been l i s t e d  i n  parentheses.  

A. E n s t a t i t e  chondrites [P r io r ,  19201 

(Daniels Kuil  type c h o n b i t e s  [P r io r ,  1916aI; 

group 1 chondrites [Javnel ,  1962, 19631) 

B. High i r o n  (H)-group chondri tes  [Urey - - and -9 Craig 19531 

(Cronstad type chondrites [P r io r  -7 l916al; bronzi te -  

o l i v i n e  chondrites [ P r i o r  -7 19201; group I1 chondri tes  

[ Javnel  , 1962 , 1963 1 ) 
? 
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Low i r o n  (L)  -group chondrites [Urey and Craig, 19531 

(Barot i  type chondrites [ P r i o r ,  1916al; hypersthene- 

o l iv ine  chondri tes  [Pr ior ,  19201; group I11 chondri tes  

[ Javnel ,  1962, 1963 ] ) 

Low iron-Low metal (LL) -group chondrites 

(Soko-Banja type chondrites [ P r i o r ,  1916a14; t h e s e  

were included i n  t h e  hypersthene -o l iv ine  chondri tes  

by Pr ior  [192O] and Mason [1962a]; group I V  chondri tes  

[ Javnel ,  1962, 1963 I ) 

E. High iron-Low metal  (HL) -group chondrites 

(Ornansites [Brezina, 19043; included i n  t h e  Soko- 

Banja group chondrites [ P r i o r ,  1916a1, and i n  t h e  

hypersthene-olivine chondri tes  [P r io r ,  19201; type  I1 

carbonaceous chondrites [Boato, 19541; type  I11 car  - 

bonaceous chondrites [Wiik, - 1956 1; p igeoni te  -o l iv ine  

chondrites [Mason, 1962aI; group V a  chondri tes  

[ Javnel ,  1963 1 ) 

F. Carbonaceous chondrites of type I and type I1 [Wiik, 19561 

a) Type 1 

(Included i n  t h e  Soko-Banja group chondri tes  

[ P r i o r ,  1916a], and i n  t h e  hypersthene-olivine 

chondri tes  [Pr ior ,  - 19201; group Vc chondri tes  

[ Javnel ,  1963 I ) 

4Prior  - [1916a] had i n  h i s  Soko-Banja group nine chondri tes  which 
(on t h e  bas i s  of t h e  new a n a l y t i c a l  da ta )  ac tua l ly  belong t o  t h e  L-  
group of chondri tes .  These nine are:  Albareto, A l f i ane l lo ,  Bachmut, 
B lu f f ,  E l i  Elwah, Ergheo, Knyahinya, MOCS, and Nerf t .  He a l s o  o r i g i -  
n a l l y  included t h e  carbonaceous chondrites and ornans i tes  i n  t h i s  group 
al though they cons i tu t e  separa te  groups. 
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F. Carbonaceous chondri tes  of type I and type I1 

[Wiik, 19561 - concluded. 

b )  Type I1 

(Included i n  t h e  Soko-Banja group chondri tes  

[P r io r ,  l9l6a 1, i n  t h e  hypersthene-ol ivine 

chondri tes  [ P r i o r ,  19201, and i n  t h e  type  I 

carbonaceous chondri tes  of Boato [1954]; group 

Vb chondri tes  [Javnel ,  19631 ) 

It has been shown i n  previous chapters  t h a t  t h e  LL-, L-, and 

H-groups a r e  def ined by seve ra l  mineralogical  and chemical param- 

e t e r s  (Table 5 ) .  It has been pointed out t h a t  on t h e  basis of t h e s e  

parameters t h e  c l a s s i f i c a t i o n  of a given chondr i te  i n t o  one of t hese  . 
groups i s  poss ib le .  However, H. C .  Urey has r e c e n t l y  poin ted  out t h a t  

i n  some unusual cases  ( e . g . ,  McKinney) d i f f e r e n t  c l a s s i f i c a t i o n s  

were poss ib l e  f o r  a given chondri te  on t h e  basis of t h e s e  parameters.  

A t  t h e  moment it i s  not c l e a r  whether t h i s  i s  due t o  (a)  t h e  e x i s t -  

ence of chondri tes  composed of  fragments from d i f f e r e n t  groups, ( b )  t h e  

ex i s t ence  of chondri tes  composed of a mixture o f ,  f o r  ins tance ,  a 

s i l i c a t e  matr ix  of one group with me ta l l i c  n icke l - i ron  of another  group, 

o r  ( e )  e r r o r s  i n  t h e  a n a l y t i c a l  resul ts  which might be caused by e i t h e r  

a c t u a l  a n a l y t i c a l  e r r o r s  and/or sampling e r r o r s  due t o  use of  t e r r e s -  

t r i a l l y  weathered chondri tes  or similar causes .  A t  t h e  present  t i m e ,  

explana t ion  ( e )  appears most reasonable.  

are necessary t o  decide t h i s  question. I 

However, more d e t a i l e d  s tud ie s  
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Chemical Analyses of Chondrites and P r i o r ' s  Rule 

One r e s u l t  of t h e  microprobe ana lyses  of o l iv ines  and rhombic 

pyroxenes i n  chondr i tes  during the  present  study i s  t h a t  t h e  range i n  

composition of t h e s e  minerals i n  t h e  d i f f e r e n t  chondrites has been 

discovered t o  be s u r p r i s i n g l y  small, p a r t i c u l a r l y  i f  it be compared 

wi th  t h e  highly varying amoulzts of m e t a l l i c  n i cke l - i ron  i n  chondr i tes  

[Kei l ,  1962a,b]. Table 5 g ives  an i n d i c a t i o n  of t h i s  s t r i k i n g  s i t u a -  

t i o n .  Figure 11 shows t h a t  t h e  me ta l l i c  n i cke l - i ron  content i n  t h e  

L-group chondr i tes ,  for ins tance ,  v a r i e s  from 4.40 t o  11.65 weight 

per  cent ,  whereas t h e  Fe content i n  o l i v i n e s  of t h e  same group v a r i e s  

only from 17.9 t o  16.3 and f o r  rhombic pyroxene from 10.9 t o  9.0 

weight per cen t .  

aga ins t  t h e  i r o n  content i n  o l iv ine  and rhombic pyroxene of chondr i tes .  

Most of t h e  m e t a l l i c  n i cke l - i ron  values were obtained by p lan imet r ic  

i n t e g r a t i o n  of l a r g e  pol i shed  sec t ions  [Kei l ,  1962a,b]; t h e  o the r s  a r e  

from ' supe r io r '  chemical analyses as given by Urey and Craig [1953], 

and from o the r s  publ ished more r ecen t ly  by s e v e r a l  o ther  i n v e s t i g a t o r s  

( s e e  Table 2 ) .  

i s  a systematic d i f f e rence  between t h e  m e t a l l i c  n i cke l - i ron  conten ts  

The amount of me ta l l i c  n i cke l - i ron  has been p l o t t e d  

- 

A s  has a l ready  been poin ted  out [Kei l ,  1962a,b 1 t h e r e  

obtained by chemical analyses and by p lan imet r ic  i n t eg ra t ion .  

[1956] showed, on t h e  b a s i s  of recent analyses,  t h a t  t h e  i r o n  content 

of chondr i tes  as given by Urey and Craig L1.9531 i s  probably somewhat 

t o o  high. 

hand, could be somewhat t oo  low s ince  extremely small g r a i n s  might 

have been overlooked under t h e  microscope o r  might have been lost 

Wiik 

--- 
The r e s u l t s  of t h e  p lan imet r ic  i n t e g r a t i o n ,  on t h e  o ther  

1 

during t h e  process of pol i sh ing  the  samples. However, t h i s  dev ia t ion  
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i s  l i k e l y  t o  be l e s s  t han  1 per  cent n icke l - i ron .  

t h e  conten ts  of me ta l l i c  n icke l - i ron ,  as obtained by p lan imet r ic  i n t e -  

g ra t ion ,  seems t o  be real. Figure 11 shows t h a t  i n  s p i t e  of d i f f e r i n g  

amounts of me ta l l i c  n i cke l - i ron  t h e  Fe content  i n  o l i v i n e  and rhombic 

pyroxene v a r i e s  wi th in  narrow l i m i t s .  The most important fact ,  however, 

i s  t h a t  wi th in  a given group t h e r e ' i s  no c l e a r  r e l a t i o n s h i p  bet.ween t h e  

amount of me ta l l i c  n i cke l - i ron  and t h e  Fe content  i n  o l i v i n e  and rhomdic 

pyroxene of chondri tes .  

from t h e  average composition of each group, assuming s t r a i g h t  reduct ion-  

oxida t ion  of i r o n  and t ak ing  i n t o  account t h e  r e s u l t i n g  changes i n  

mineralogical  composition; t h a t  i s ,  an  increase  of d iva len t  i r o n  

increases  t h e  amount of o l i v i n e  but decreases  t h e  amount of rhombic 

pyroxene, e t c .  The ca l cu la t ions  are based on ' the  averages given by 

--- Urey and Craig [1953] ( N i  conten t ) ;  by K e i l  [ l962a,b]  ( m e t a l l i c  n i cke l -  

Y e t  t$e spread i n  

The broken l i n e s  i n  f i g u r e  11 were c a l c u l a t e d  

i r o n  and t r o i l i t e  conten ts ) ;  and by Mason [1962b] ( f e ldspa r  and 

olivine-rhombic pyroxene r a t i o s ) .  

and rhombic pyroxene w a s  taken from t h e  numbers given i n  t h e  present  

s tudy.  

measured values  ind ica t e s  t h a t  the  second p a r t  of P r i o r ' s  r u l e  i n  i t s  

o r i g i n a l  sense ( ' t h e  less  t h e  amount of n icke l - i ron  i n  chondr i t i c  

s tones  . . . t h e  r i c h e r  i n  i r o n  a r e  t h e  magnesium s i l i c a t e s ' )  i s  not 

v a l i d .  

The average composition of o l i v i n e  

The disagreement of  t h e  s lope of t h e s e  l i n e s  with t h e  a c t u a l l y  

However, i f  t h e  chemically obtained m e t a l l i c  n i cke l - i ron  values  

( c i r c l e s  i n  f i g .  11) were disregarded then  some r e l a t i o n  between metal 

l i c  n i cke l - i ron  and d iva len t  i ron  wi th in  s i n g l e  groups ( p a r t i c u l a r l y  

H-group) could poss ib ly  be in fe r r ed ,  but  any such r e l a t i o n  i s  by no 

means genera l  and does not follow t h e  t h e o r e t i c a l  red-ox l i n e s  i n  
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f i g u r e  11. 

a f f e c t e d  by an e r r o r  of some 5 per cent  an  attempt w a s  made t o  cor -  

r e l a t e  t h e  chemically obtained n i cke l  va lues  with t h e  ?mount of d iva-  

l e n t  i r o n  i n  o l iv ine  and rhombic pyroxene, but no c h a r a c t e r i s t i c  

r e l a t i o n  wi th  t h e  few ' supe r io r '  n i cke l  analyses  a v a i l a b l e  i n  t h e  

l i terature has been observed. Accurate n i c k e l  determinations (-1 per  

cent  of t h e  va lues)  on s u f f i c i e n t l y  l a r g e  samples seem t o  be needed 

t o  s e t t l e  t h i s  quest ion.  

Since t h e  me ta l l i c  n icke l - i ron  values  might s t i l l  be 

On t h e  b a s i s  of t h e  average composition of L- and H-group 

chondr i tes  as given above, a simple c a l c u l a t i o n  has been made i n  

order  t o  eva lua te  a reduct ion-oxidat ion process  accompanied by removal 

of m e t a l l i c  n i cke l - i ron .  

S t a r t i n g  with t h e  average H-group composition, it w a s  found t h a t  

about 4.5 per  cent  me ta l l i c  i r o n  has t o  be oxidized i n  order  t o  change 

t h e  composition of t h e  proper amounts of ol iGine and rhombic pyroxene 

t o  t h e  values  of t h e  L-group chondri tes .  While some i r o n  i s  being 

oxidized i n t o  t h e  d iva len t  s ta te ,  t h e  n i cke l  remains reduced i n  t h e  

m e t a l l i c  n i cke l - i ron ,  t hus  increas ing  i t s  n i cke l  content  i n  an  amount 

corresponding t o  t h e  4.5 per  cent  me ta l l i c  i r o n  being oxidized.  

c e r t a i n  amount of t h e  me ta l l i c  n icke l - i ron  has t o  be removed i n  order  

t o  g ive  t h e  amount now observed i n  t h e  average of t h e  L-group. After 

t h e  removal of t h e  proper amount, t h e  amount of n i cke l  l e f t  i n  t h e  

chondr i te  can be ca l cu la t ed .  

w e l l  (wi th in  8 per  cent )  with t h e  average n i c k e l  content (1.06 pe r  

c e n t )  i n  t h e  L-group [Urey --- and Craig, 19531. 

not necessa r i ly  imply t h a t  t h e  L-group condr i tes  were formed by 

ox ida t ion  of p re -ex i s t ing  H-group chondr i tes ,  but it indeed seems 

A 

The ca l cu la t ed  value (- 1.18% N i )  agrees  

This  ca l cu la t ion  does 
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t o  support  Ringwood's [ 1961 I suggestion t h a t  ' t h e  Low-iron group i s  

e s s e n t i a l l y  a member of t h e  pa ren ta l  High-iron group from which a 

small propor t ion  of i r o n  has been removed.' 

such a model and some of i t s  d i f f i c u l t i e s  w i l l  be  given i n  t h e  next 

A f u r t h e r  d i scuss ion  of 

chapter .  

On t h i s  b a s i s ,  it seems t h a t  although some reduct ion-oxida t ion  

of i r o n  might have occurred, P r i o r ' s  rule  cannot be appl ied  quant i -  

t a t i v e l y  because removal of me ta l l i c  n i cke l - i ron  i s  necessary t o  

account f o r  a r e l a t i o n  of oxidized versus  m e t a l l i c  i r o n  as observed 

i n  f i g u r e  11. 

It has a l ready  been mentioned t h a t  after P r i o r ' s  [1916a, 19201 

pioneering work most subsequent workers have supported t h e  second 

p a r t  of h i s  r u l e .  

of m e t a l l i c  n i cke l - i ron  with FeO values obtained by bulk chemical 

Their  s t u d i e s  were mainly based on a comparison 

ana lyses .  Those da t a  seem t o  support s t rongly  t h e  second p a r t  of t h a t  

r u l e .  

tally obtained FeO va lues  doubtful .  I n  f a c t ,  it seems as i f  t h e  

However, t h e  da t a  of t h e  present  study make t h e  use of chemi- 

r e l a t i o n  expressed i n  t h e  second p a r t  of P r i o r ' s  ru le  i n  i t s  o r i g i n a l  

sense  i s  a d i r e c t  r e s u l t  of erroneous FeO determinations by means of 

chemical analyses .  The wet chemical determinat ion of FeO i n  chon- 

d r i tes ,  which conta in  i r o n  i n  metal, s u l f i d e s ,  and s i l i c a t e s ,  i s  

known t o  be extremely d i f f i c u l t .  

t a i n  va lue  i n  a chondr i te  ana lys i s  [Wiik, 19561 s ince  it i s  der ived 

by s u b t r a c t i o n  a f te r  t h r e e  separa te  ana lyses .  

It may be designated t h e  most uncer- ~ 

Usually i n  such an 

a n a l y s i s  t h e  metall ic n i cke l - i ron  i s  determined independently by 

magnetic separa t ion  or  by using var ious so lven t s .  I r o n  i n  t h e  s u l f i d e  

I 
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i s  ca l cu la t ed  from t h e  amount of suli 'ur present .  A t h i r d  determinat ion 

gives  t h e  t o t a l  i ron .  The FeO i s  then  computed as fol lows:  

Generally,  t h e  FeS tends t o  b e  too  high s i n c e  a l l  t h e  s u l f u r  i s  

c a l c u l a t e d  as FeS without tak ing  i n t o  account t h e  presence of some 

minor minerals such as Cas, FeCr2S4, and o the r s .  Much more se r ious  

are some o ther  u n c e r t a i n t i e s  which might, i n  p a r t i c u l a r ,  a f f e c t  t h e  

va lue  of t h e  i r o n  i n  t h e  metal. Most important i n  t h i s  connection 

i s  t h e  problem of sampling e r ro r s .  

inhomogeneously d i s t r i b u t e d  throughout a given meteor i te  [Ke i l ,  1962a,b 1 .  

The use of t o o  small samples for t h e  ana lys i s  could inf luence  t h e  

r e s u l t s  considerably.  I n  addi t ion ,  some of t h e  m e t a l l i c  n i cke l - i ron  

i s  included i n  s i l i c a t e s  and w i l l  only p a r t l y  be  d isso lved  i n  t h e  

a n a l y t i c a l  procedure.  Although co r rec t ion  can be  made by measuring 

t h e  N i  content of t h e  s i l i c a t e  por t ion ,  a considerable  e r r o r  may be 

introduced owing t o  inhomogeneous N i  d i s t r i b u t i o n .  

broken sur faces  of chondr i tes  show t h a t  even i n  case  of f r e s h  f a l l s  

t h e  n i cke l - i ron  oxidizes  and becomes surrounded by a brownish oxide 

r i m .  

i n  t u r n ,  b r ings  up t h e  va lues  f o r  t h e  oxidized i r o n  according t o  t h e  

formula.  

a f f e c t  t h e  oxidized i r o n  va lues  i n  t h e  opposi te  d i r e c t i o n ,  thus  

c r e a t i n g  a r t i f i c i a l l y  a r e l a t i o n  such as i s  expressed i n  t h e  second 

p a r t  of P r i o r ' s  r u l e .  

t a l l y  c rea t ed  r u l e ,  which was based on bulk chemical analyses ,  w a s  

The m e t a l l i c  n i cke l - i ron  i s  

Furthermore, 

A s  a r e s u l t ,  t h e  values  f o r  t h e  metal  w i l l  be t o o  low, and t h i s ,  

I n  f a c t ,  any e r r o r  i n  t h e  va lue  of t h e  m e t a l l i c  i r o n  w i l l  

Chemical e r r o r s  as t h e  cause f o r  t h i s  acciden-  
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a l ready  proposed by Urey and Craig [1553], a poin t  of view which 

appears t o  be favored by t h e  da t a  of t h e  present  s tudy.  This  i s  

--- 

i l l u s t r a t e d  i n  f i g u r e  12  on t h e  bas i s  of t h e  numbers compiled i n  

Table 6. I n  f i g u r e  1 2  t h e  

Fe + Mg y s i s  are p l o t t e d  aga ins t  t h e  

pyroxene p a i r s  of d i f f e r e n t  chondrites according t o  t h e  microprobe 

ana lyses .  On t h e  assumption t h a t  o l i v i n e  and rhombic pyroxene are 

values  according t o  chemical a n a l -  Fe 
Fe + Mg 

Fe r a t i o s  of o l i v i n e  -rhombic 

t h e  only major minerals containing FeO, and t h a t  both microprobe and 

chemical analyses  are c o r r e c t ,  t h e  l i n e s  connecting coexis t ing  o l i -  

v ines  with rhombic pyroxenes for  a glven chondr i te  should i n t e r s e c t  

a 45' l i n e .  

while  i n  most cases  t h e  

are considerably higher  i n  comparison with t h e  microprobe r e s u l t s .  

Besides,  t h e  spread i n  t h e  chemically obtained Fe Fe + M g  values  i s  much 

h igher  t han  f o r  t h e  microprobe data .  

' s u p e r i o r '  wi th  regard  t o  t h e  FeO, such as s e v e r a l  by Wiik, Borgstrom, 

and P r i o r .  

Wiik, Clark,  and o the r s ,dev ia t e  markedly, although i n  t h e  case of t h e  

t w o  f i n d s  analyzed by Wiik t h i s  i s  very l i k e l y  due t o  t e r r e s t r i a l  

This i s  t h e  case for only some of t h e  chemical analyses ,  

values given by t h e  chemical analyses  Fe 
Fe + Mg 

Only a f e w  analyses  seem t o  be 

Nevertheless ,  even a f e w  of t h e  more r ecen t  analyses ,  such as by 

oxida t ion  of metal  t o  oxide.  

It i s  not l i k e l y  t h a t  some minerals with high FeO i n  t h e  

extremely f ine-grained matr ix  could cause t h e s e  devia t ions  s ince  t h e  

more r e l i a b l e  chemical analyses  agree b e t t e r  with t h e  d a t a  of t h e  

present  study. Furthermore, a spec ia l  seard? f o r  minerals containing 

l a r g e  amounts of d iva len t  i r o n  i n  t h e  f ine-gra ined  matr ix  of t h e  

Kyushu chondri te ,  f o r  which a marked discrepancy between chemical 
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a n a l y s i s  and t h e  present  da t a  i s  apparent (Table 6 ) ,  w a s  negat ive.  

No such minerals have been found by s tepping wi th  t h e  probe across  

t h e  f ine-gra ined  matrix; nor have any s i l icates  with i r o n  conten ts  

higher  t han  t h a t  of o l i v i n e  been observed i n  any of t h e  o the r  ordinary 

chondri tes  i nves t iga t ed .  

On t h e  Or ig in  of Chondrules and Chondrit ic Meteori tes  

Many models have been proposed f o r  t h e  o r i g i n  of chondrules and 

chondr i t i c  meteor i tes .  Most i nves t iga to r s ,  however, seem t o  agree  

t h a t  chondrules must have formed through r a p i d  c r y s t a l l i z a t i o n  of 

l i q u i d  drople t s ,  as i s  ind ica t ed  by t h e  presence of d e v i t r i f i e d  g l a s s  

i n  chondrules, t h e  f requent  occurrence of ske le ton  c r y s t a l s ,  t h e  drop- 

l i k e  shape of t h e  chondrules,  t h e  presence of high-temperature p l a g i -  

oc lase ,  and t h e  occasional  indenta t ion  of one chondrule by another .  

These d rop le t s  would la ter  have accumulated t o  form chondr i tes .  

t h e  present  r e s u l t s  it seems c l ea r  t h a t  t h e  composition of o l i v i n e  

and pyroxene with r ega rd  t o  i r o n  content was e s s e n t i a l l y  e s t ab l i shed  

when t h e  c r y s t a l s  were formed. 

r e c e n t l y  publ ished by Wood [ 1 9 6 2 ~ ;  1963a,b]. 

molten s i l i c a t e  d rop le t s  could o r ig ina t e  through condensation i n  a 

gas  cloud of s o l a r  composition; i n  t h i s  case t h e  s i l i c a t e s  would have 

low i r o n  content (< 2% F e ) .  

i r o n  now present  i n  o l i v i n e  and pyroxene w a s  introduced by d i f f u s i o n  

i n  s o l i d  s t a t e  from magnetite (FesO*), assumed t o  be present  i n  t h e  

mat r ix  of t h e  p r imi t ive  chondri te ,  i n t o  t h e  s i l i c a t e s  of t h e  chondrules 

during a subsequent metamorphic process.  

From 

This i s  cont ra ry  t o  a hypothesis 

H e  suggested t h a t  

Wood t h e r e f o r e  suggested t h a t  t h e  f e r rous  

Although most chondri tes  
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have doubt lessly been r e c r y s t a l l i z e d  and metamorphosed, t h i s  

apparent ly  d id  not cause any major changes i n  t h e  composition of t h e  

Mg-Fe s i l i c a t e s ,  but mainly r e s u l t e d  i n  changes of t h e  s t r u c t u r e ,  

poros i ty ,  2nd c c ~ p c t n ~ s s  of t h e  meteori tes ,  as discussed i n  de t a i l  

below. 

Chondrites of d i f f e r e n t  groups (LL-, L-, and H-groups) are 

Fe 
Fe + 1% r a t i o s  of t h e i r  o l i v i n e s  and rhombic charac te r ized  by t y p i c a l  

pyroxene as i s  i l l u s t r a t e d  i n  f i g u r e  4. 

chondri tes  with higher 

highly r e c r y s t a l l i z e d ,  whlle t h e  ones with low r a t i o s  should be l e s s  

I 

According t o  Wood's model, 

Fe 
Fe + Mg r a t i o s  i n  t h e s e  minerals should be 

r e c r y s t a l l i z e d .  I n  order  t o  compare t h e  degree of metamorphism5 with 

t h e  i r o n  content of t h e  s i l i c a t e s ,  t h i n  sec t ions  of 35 analyzed chon- 

drites were examined microscopical ly .  

are chondri tes  showing a wide range of .metamorphism, from f r i a b l e  

I n  both L- and H-groups t h e r e  

s tones  with pronounced chondr i t i c  s t r u c t u r e  t o  wel l - indurated ones 

wi th  chondrules inseparable  from, or even completely i n t e g r a t e d  with,  

t h e  groundmass. However, no connection between degree of metamor- 

phism, as determined i n  t h i s  way, and composition of t h e  o l iv ines  and 

rhombic pyroxenes w a s  found. One example i s  t h e  meteor i te  T ie sch i t z ,  

a t y p i c a l  unmetamorphosed chondri te  [Wood, - 1962a, 1963bI which, how- 

ever ,  conta ins  o l i v i n e s  and pyroxenes with high, varying moun t s  of 

i r o n  [Wood -3 1962bI. (Microprobe analyses show up t o  11.9% Fe i n  

o l i v i n e ,  and up t o  8.9% Fe i n  pyroxene.) 

5As def ined by most e a r l i e r  workers, including Wood, through t h e  
i n d i s t i n c t n e s s  of t h e  chondrules from t h e  matrix, t h e  r e l a t i v e  mi- 
formi ty  of g r a i n  s i z e ,  appearance of t h e  p lag ioc lase ,  e t c .  
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Another f ind ing ,  which cont rad ic t s  Wood's propos i t ion  t h a t  

t h e  i r o n  content i n  t h e  s i l i c a t e s  of chondri tes  i s  secondary, con- 

cerns  some r a t h e r  me tamorphosed  chondri tes  l i k e  Murray (Fredriksson 

-- and K e i l ,  i n  p r e s s )  and Chainpur ( d e t a i l e d  microprobe r e s u l t s  i n  

? ~ S O P ~  -' - et. - a 1  . [19631 I. 
percentage of o l i v i n e  and pyroxene sometimes with extremely high 

content of f e r rous  i r o n  ( c f .  f i g s .  1-3 and 1 4 ) .  S ince  t h e s e  chondri tes  

are i n  a r a t h e r  unmetamorphosed s tage  they  should, according t o  Wood's 

hypothesis,  not conta in  any appreciable  amounts of i r o n  i n  t h e  s i l i -  

These very f r i a b l e  meteor i tes  conta in  a high 

ca t e s .  A c h a r a c t e r i s t i c  feature of t h e s e  chondri tes  i s  t h a t  they  

conta in  o l iv ines  and pyroxenes of highly varying composition (Murray: 

o l i v i n e  0.3 t o  91.2, pyroxene 0 . 4 t o  45.4, f i g .  14; Chainpur: 

v i n e  0 .1  t o  36.1, pyroxene 0.9 t o  25.9 

A s  emphasized by Fredriksson [1963] it i s  unl ike ly  t h a t  i n  an  -- i n  s i t u  

r e c r y s t a l l i z a t i o n ,  as proposed by Wood, some o l i v i n e  and pyroxene 

g r a i n s  would remain as almost pure Mg s i l i c a t e s ,  while o the r s ,  only 

a f r a c t i o n  of a mil l imeter  away, would increase  i n  i r o n  t o  high con- 

cen t r a t ions  p a r t i c u l a r l y  i n  t h e  presence of carbon. 

i n t e r e s t  i n  t h i s  connection i s  t h e  Chainpur chondri te .  

d red  o l i v i n e  and pyroxene c r y s t a l s  were analyzed from 50 chondrules 

of d i f f e r e n t  s i z e s .  

S ince  t h e  c r y s t a l s  a r e  zoned, t he  averages of t he ,va lues  measured i n  

a given c r y s t a l  have been p lo t t ed .  

v a r i a b i l i t y  i n  composition from c r y s t a l  t o  c r y s t a l  as discussed above. 

I n  add i t ion ,  they  i n d i c a t e  t h a t  smaller  chondrules tend  t o  conta in  

less i r o n  i n  o l i v i n e s  and pyroxenes than  do t h e  l a r g e r  ones, a f a c t  

- 

o l i -  

Fe 
' F e + M g  mol per  cent ,  f i g .  13 ) .  

O f  p a r t i c u l a r  

Severa l  hun- 

I n  f i g u r e  1-3 some of t h e  r e s u l t s  a r e  summarized. 

The diagrams i l l u s t r a t e  t h e  
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which again con t r ad ic t s  t h e  p o s s i b i l i t y  of a secondary x i g i n  of th-e 

i r o n  content i n  t h e s e  s i l i c a t e s .  

d i f fus ion  i n  s o l i d  s t a t e  of i ron ,  t h e  s i l i c a t e s  i n  t h e  small chon- 

dru les  should be r i c h e r ,  or a t  l e a s t  equal ly  as r i c h ,  i n  i ron  as t h e  

Fe r a t i o s  were due t o  If the Fe + 

s i l i c a t e s  i n  t h e  l a r g e  ones. 

The o l iv ines  and pyroxenes i n  t h e  Chainpw chondri te  show 

marked zonal s t ruc tu re ;  t h a t  i s ,  t h e  core  of t h e  c r y s t a l s  i s  ivlg r i c h ,  

while t h e  i r o n  content progressively increases  towards t h e  outer  r i m s  

of t h e  c r y s t a l s .  This  i s  i n  accordance with what would be expected ' 

when o l i v i n e  and pyroxene c r y s t a l l i z e  from a melt a t  a r a p i d  r a t e ,  

however somewhat slower than i n  the  quenched chondrules of ordinary 

chondri tes .  

These f ind ings  i n d i c a t e  t h a t  t h e  composition of' t h e  chondrules 

w a s  e s s e n t i a l l y  e s t ab l i shed  before they agglomerated. 

A s  a l ready explained above, chondrules appear t o  have o r ig ina t ed  

by r a p i d  cooling (quenching) of molten d rop le t s ,  which then  accumu- 

l a t e d  t o  form chondri tes .  I n  such a process it seems highly unl ike ly  

t h a t  olivine-rhombic pyroxene p a i r s  would c r y s t a l l i z e  i n  equi l ibr ium, 

may seem t o  
(Fe) o l i v i n e  

(Fe) r h  . pyroxene 
although t h e  almost constant r a t i o s  of 

i n d i c a t e  t h i s  ( f i g .  4 ) .  

i n  another way [Fredriksson, 19631. 

o l i v i n e  would p r e c i p i t a t e  f i r s t ,  i n  a matter of seconds, and would 

have an almost constant  composition. 

g l a s s  which may d e v i t r i f y  i n t o  p lag ioc lase  and orthopyroxene (usua l ly  

formed below 1075oC) during subsequent slower cooling, possibly a f t e r  

accumulation of t h e  chondrules, o r  l a t e r  rehea t ing .  

This  constancy, however, could be explained 

If t h e  drople t s  were quenched, 

The r e s idue  may s o l i d i f y  as 

The f e a s i b i l i t y  

. 



of such a process  has been shown by Fredriksson and - Ringwood [1963]. 

The varying composition of o l iv ines  and pyroxenes i n  Chainpur type  

chondri tes  and i n  t h e  ones l i s t e d  i n  T a b l e  8 may simply be  due t o  

somewhat slower cool ing than  i n  ordinary chondrules s o  t h a t  zonal 

s t r u c t u r e  could develop. This  i s  subs t an t i a t ed  by t h e  unusually high 

Ca content i n  t h e  Chainpur pyroxenes which ind ica t e s  t h a t  t h i s  mineral  

had t i m e  t o  c r y s t a l l i z e  at higher  temperatures,  poss ib ly  d i r e c t l y  from 

t h e  melt .  

Furthermore, i f  coexis t ing  o l iv ines  and pyroxenes a re  compared 

with -- Bowenand Schairer 's  [1935] data  on t h e  MgO-FeO-Si02 system, it 

appears t h a t  they are not a t  equi l ibr ium at any temperature.  

v ine  i s  t o o  r i c h  i n  Mg (or t h e  pyroxene i n  Fe) ;  t h i s  seems cons i s t en t  

with a r a p i d  c r y s t a l l i z a t i o n ,  producing Mg-rich o l i v i n e  and a n  Fe 

The o l i -  

enr iched g l a s s ,  l a t e r  r e c r y s t a l l i z i n g  mainly t o  pyroxene and p l ag io -  

c l a se .  The devia t ion  from equilibrium i s  p a r t i c u l a r l y  pronounced above 

14OO0C,  which i s  of i n t e r e s t  because chondr i t i c  s i l i c a t e  would be 

almost e n t i r e l y  c r y s t a l l i z e d  below t h i s  temperature.  

shape of t h e  chondrules it i s  concluded t h a t  about 70 per  cent  or more 

of t h e  ma te r i a l  w a s  s t i l l  l i q u i d  when t h e  d rop le t s  were fozmed. 

would r e q u i r e  temperatures around 1500°C t o  155OoC. 

q u a l i t a t i v e  d iscuss ion  it the re fo re  seems j u s t i f i e d  t o  use t h e  1550°C 

isothermal  plane of Bowen and Scha i r e r ' s  [ 1-93>] MgO-FeO-Si02 phase 

equi l ibr ium diagram. This  i s  shown i n  f i g u r e  15 with poin ts  p l o t t e d  

as follows: L s i l  and H s i l  show the  'MgO, FeO, and SiO, ( r eca l cu la t ed  

t o  100 pe r  cen t )  f o r  t h e  average L- and H-group chondri tes ;  Ltot and 

H t o t  were obtained by ca l cu la t ing  t h e  t o t a l  i r o n  ( inc luding  Fe i n  

From t h e  dropl ike  

This  

For t h e  present  

-- 
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metal and t r o i l i t e )  as FeO, thus  assuming t h a t  a l l  i r o n  vas once 

oxidized; s imi l a r ly ,  O t o t  ind ica tes  t h e  composition of t h e  Orguei l  

carbonaceous chondri te .  These values are  based on t h e  da ta  given by 

--- Urey and Craig [1953]. 

t h e  average o l i v i n e  compositions f o r  L- and H-group chondri tes  as 

F ina l ly ,  Lol and H o l  show t h e  composition of 

given i n  Table 4.  It i s  immediately apparent t h a t  melts of L , i l  o r  

H s i l  composition could hardly p r e c i p i t a t e  o l i v i n e  of t h e  observed 

composition. However, p a r t i a l  reduct ion  of a m e l t  of composition 

H t o t  ( o r  O t o t )  may y i e l d  L- and H-group chondri tes  with t h e  proper 

o l i v i n e s  and proper amounts of  me ta l l i c  n icke l - i ron .  

m e t a l l i c  n i cke l - i ron  would segregate  by reduct ion  from a s i l i c a t e  

If, f o r  example, 

m e l t  of composition H t o t  but not be removed from t h e  system, a poin t  

on t h e  Htot-Hsi l  l i n e  would b e  reached where H-group o l i v i n e  could 

p r e c i p i t a t e  leaving t h e  bulk composition wi th in  t h e  H-group range. 

If from t h e  same m e l t  ( H t o t )  some of t h e  segregated me ta l l i c  n i cke l -  

i r o n  i s  removed, a composition could be reached where L-group o l i v i n e  

could p r e c i p i t a t e  and t h e  t o t a l  m e l t  reach t h e  hot poin t .  

more f e r r o u s  i r o n  than  now observed w a s  p resent  during t h e  formation 

of t h e  me teo r i t i c  o l i v i n e s ,  part of which i s  now observed as me ta l l i c  

n i cke l - i ron .  It i s  a l s o  c l e a r  t h a t  some f u r t h e r  reduct ion  must have 

Apparently 

occurred during o r  a f t e r  t h e  chondrule formation as a l s o  w a s  suggested 

by Ringwood [1961]. 

s i l i c a t e  formation i s  f u r t h e r  ind ica ted  by t h e  low N i  content of t h e  

chondr i t i c  o l i v i n e s  ( see  p.  34 ) .  It has been suggested t h a t  m e t a l l i c  

n i cke l - i ron  i n  chondri tes  could have been introduced mechanically 

Presence of  a metall ic i r o n  phase during t h e  

[Urey -- and Mayeda, 19591. They thought t h a t  t h e  occurrence of kamacite, 
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t a e n i t e ,  p l e s s i t e ,  and t h e  morphology of t h e  metal p a r t i c l e s  could 

bes t  be  accounted f o r  by assuming t h e  g ra ins  t o  be fragments of  

slowly cooled 'primary bodies '  which have been mixed with t h e  s i l t -  

c a t e  po r t ion  subsequent t o  t h e  chondrule formation t o  g ive  t h e  

'secondary bodies . '  

be t h a t  t h e  m e t a l l i c  p a r t i c l e s  i n  c h o r i h i t e s  apparent ly  cooled s l 0 w l j r .  

The main argument f o r  t h i s  proposal  seems t o  

However, t h i s  can be  accounted for ,  even i f  chondrules,  metal, and 

i n t e r s t i t i a l  matter s o l i d i f i e d  rap id ly ,  by assuming t h a t  t h e  chon- 

dr i tes  remained a t  more moderate temperatures (e.g. ,  5OOOC t o  700°C, 

[Urey and Mayeda, 19591) af ter  agglomeration for a longer per iod  of 

t i m e ,  for example, simultaneously wi th  t h e  r e c r y s t a l l i z a t i o n  of t h e  

-- 

g l a s s  t o  pyroxene and p lag ioc lase .  

cussed above, several o ther  observations i n d i c a t e  t h a t  t h e  m e t a l l i c  

However, besides t h e  r e s u l t s  d i s -  

n i cke l - i ron  w a s  formed from t h e  same melt as t h e  s i l i c a t e s .  Seve ra l  

of t h e s e  observat ions a r e  l i s t e d  below, some of which have a l ready  

been d iscussed  by Ringwood [1961] and Urey [19631. 

(a) Fredriksson [1963] showed t h a t  some chondrules of t h e  

B j u r b E l e  chondr i te  conta in  as much n icke l - i ron  as t h e  matr ix .  

scopic  es t imates  i n d i c a t e  t h a t  t h i s  i s  t h e  case a l s o  i n  o ther  chon- 

d r i t e s .  

Micro- 

The apparent ly  l a r g e r  s i z e  of t h e  metal p a r t i c l e s  i n  t h e  

matr ix  may be  due t o  l a t e r  r e c r y s t a l l i z a t i o n  [Fredriksson,  19631. 

The m e t a l l i c  p a r t i c l e s  i n s ide  the  chondrules obviously c o n s t i t u t e  a 

coex i s t ing  phase and can hardly b e  explained by a mechanical mixing 

of s o l i d  p a r t i c l e s  af ter  chondrule formation. 



-34 - 

( b )  The amount of me ta l l i c  n i cke l - i ron  s t ays  wi th in  

c h a r a c t e r i s t i c  ranges i n  LL-, L-, and H-group chondri tes  (LL-group 

1.72 t o  3.23; L-group 4.40 t o  11.65; H-group 14.17 t o  19.81, i n  

weight p e r  cent  [Kei l ,  1962a,b]) .  

i c a l  r e l a t i o n s h i p  between metal  and s i l i c a t e  (as do the  prev ious ly  

This f a c t  i nd ica t e s  a c lose  genet  

discussed phase r e l a t i o n s  ) . 
( c )  The amount of N i  i n  chondr i t i c  ol ivine '  i s  considerably 

lower than  i n  most t e r r e s t r i a l  o l i v i n e s .  Meteor i t ic  o l i v i n e  should 

conta in  h igher  amounts than observed unless  t h e  n i c k e l  w a s  scavenged 

by m e t a l l i c  i r o n  during the  formation of t he  chondr i t ic  s i l i c a t e s  as 

i s  i n  t he  case f o r  many chondrules (see ( a ) ,  p .  33 ) .  Consequently, 

it seems l i k e l y  t h a t  t h e  o l i v i n e  i n  t h e  matrix of t h e  chondr i tes  i s  

a l s o  formed i n  t h e  presence of molten metal. 

( d )  The i r r e g u l a r  shape of t h e  n icke l - i ron  g ra ins  i n  

chondrules is apparent ly  due t o  the f a c t  t h a t  the  metal s o l i d i f i e d  

l a s t  ( toge the r  with t r o i l i t e ) ,  when only small i n t e r s t i t i a l  spaces 

w e r e  l e f t  between t h e  l a r g e l y  s o l i d i f i e d  s i l i c a t e s ,  r a t h e r  than  due 

t o  f ragmentat ion of s o l i d  n icke l - i ron  and mixing wi th  s i l i c a t e s .  

occas iona l ly  observed fragmentation and d i s t o r t i o n  of n i cke l - i ron  

g ra ins  ( ' v e i n s '  c u t t i n g  i r o n  grains  i n t o  fragments, e .g . ,  f i g .  8 ( e )  

i n  Urey and Mayeda [1959]) can be explained by mechanical shock 

deformation -- i n  s i t u  [Fredriksson -- e t  a l . ,  19631. 

The 

-- 

'Recent microprobe analyses  by Frederiksson (unpubl ished)  show 
m a x i m u m  N i  contents  of 120-200 ppm N i  i n  o l i v i n e  from Bjurb'dle (L-  
group)  and approximately 100 ppm in  A s s i s i  (H-group). 
i n  bo th  chondri tes  seem t o  contain l e s s  n i cke l .  
v ine  (used as i r o n  s tandard,  p .  6)  contained between 50-150 ppm N i ,  
which agrees  with t h e  analyses  quoted by Mason [1962b] f o r  p a l l a s i t e s  

The pyroxenes 
The Mar j a l ah t i  oli- 



The present  i nves t iga t ion  ind ica t e s  t h a t  ordinary chondr i tcs  a r c  - 
nonequilibrium, cogenet ic  assemblages of s i l i c a t e s ,  mainly o l i v i n e  and 

pyroxene, and metal .  These r e s u l t s ,  toge ther  wi th  o ther  e x i s t i n g  e v i -  

dence, permit t h e  assumption t h a t  L- and H-group chondr i tes  could have 

o r ig ina t ed  from t h e  same parent  material ( i n  one of s e v e r a l  parent  

bod ie s ) .  Consequently, t h i s  study supports  a model f o r  t h e  o r i g i n  

of chondri tes  as proposed by R e d r i k s s o n  [ 1963 1,  a modif icat ion of 

t h e  ideas  presented by Ringwood [19611. 
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Table 1.- Homogeneity of t h e  Mineral Standards and P rec i s ion  of t h e  

Ind iv idua l  Fe and Mg Microprobe Analyses. Example: Ol iv ine  
Standard Mar ja lah t i  (Fe = 8.5; Mg = 29.2 Weight Per Cent ) .  
Twenty Measurements, Each Pos i t ion  3 Microns Apart .  
Deviation: 

Staridard 
 SF^ = kO.07 - k O . 1 ;  - Sm = 20.17 - 20.2 - 

Pos it i on 
number 

1 

2 

3 
4 
5 
6 
7 
8 

9 
10 

11 

12 

1-3 
14 
15 
16 
1.7 
18 

1.9 
20 

Fe 

Measured 
i n t e n s i t y  

minus 
background 

27.9 
27.8 

27.7 
27.5 
27.8 

27.9 
28.1 

27.9 
28.2 

28.2 

28 .1  

28.0 

28.0 

27.9 
27.9 
28.0 

28.0 

28.5 

28.4 

28.4 

Coni en t  , 
weight $ 

8.47 
8.44 
8.41 
8.35 
8.44 
8.47 
8.53 
8.47 
8.56 
8.62 
8.56 
8.53 

8.50 
8.50 

8.47 
8.47 
8.50 
8.50 
8.62 
8.65 

Mg 
Measured 
hit eiis It]; 

m i  nus 
3ac kgr ound 

80.4 
80.5 
80.0 

79.8 
80 .o 
80.9 

80.0 

80.9 
81.3 
81.2 

80.7 
81.1 
81.2 

80.0 

81.2 

80.6 
80.8 
80.5 

80.4 

81.4 

r ( n m +  nn+ 
c I” I I ”LI I” ,  

weight $ 

29.11 

29.00 
28.90 
29.00 
29-29 
29.11 
29.00 

29-29 
29.44 

29.22 
29 * 37 
29.40 
29.00 

29.15 

29.40 

29.40 
29 * 19 
29.26 

29.47 
29-15 
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Table 2. - Alphabet ical  L i s t  of t he  Chondrites I m e s t i g a t e d  Including a 

Column With t h e  Metal l ic  Nickel-Iron Contents 

TO .+ 

24 
6 1  
67 

7 
25 
68 
1 5  
66 
46 
40 
1.9 
10 
63 
59 
26 
27 
77 
56 
73 

9 
70 
36 
34 
51 
57 
20 
58 
82 
47 
22 
72 
14 
81 
31 
21  
33 
32 
49 
54 
28 
52 
13 
29 
50 - 

Name 

Akron* 
Albar e t  o 
A l f i ane l lo  
Allegan 
Ai-cl1ie 
Arriba* 
Assisi 
Aus son 
Aztec 
Bald Mountain 
Barbot an 
Bath 
Bath Furnace 
Baxt e r  
Beardsley 
Beaver Creek 
B jurbb'le 
Blanket 
Brady 
B r  e i t  s c he i d  
Bruderheim 
Bushnel" 
Butsura 
Calliham* 
Chant onnay 
Charsonvi l le  
Chateau Renard 
Cherokee Springs 
Colby (Wisconsin) 
Co l l e sc ipo l i  
Coon Butte* 
Cosina 
Dhurmsala 
Djati-Pengilon 
Dokachi 
Ehole 
Ekeby 
E l i  -Elwah* 
Ergheo 
E s t  acado" 
Farmingt on 
Florence 
Forest  Ci ty  
Forksv i l l e  

Metal l ic  
n i cke l  - i ron,  

weight $ 
Refer enc e 

--- 
G a l l i t e l l i  [ 19391"" 
Kei l  [ l962j  
Merrill and Stokes [ 1900 I** 

- - -  
- - -  

Howell, e t  a1 . [ 1894 I** 
Ramsay and BorgstrEm [ l9O2IH 

- - -  
--- 

Vilcsek [19591 
~ u k e ,  e t  a l .  [1961] 

K e i l  [19621 

K e i l  [19621 

Ke i l  [1962] 

- - -  

- - -  

- - -  

- - -  
- - -  

Wahl [Wiik 1 [ 1950a 1 ** 
Mallet [ 1906 I** 
Kei l  [1962] 
K e i l  [1962] 

- - -  

- - -  
- - -  

Hadding [ 1940 3 ** 
K e i l  [1962] 
Ke i l  [19621 
Ke i l  [1962] 
K e i l  [19621 

K m z  [ Eakins I [ 1890 I ** 
M e r r i l l  [Shannon] [1927]** 

--- 
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- 

+ io. 

__ 

38 
5 
8 
9 
5 
1 
.6 
-3 
'4 
12 
11 
;4 
36 

;5 
;2 
c8 
c4 
+5 
5 
3 
30 
12 
39 
50 
30 
83 
8 
23 
37 
2 

84 
6 
4 
53 
71- 
18 
1-7 
85 
76 
35 

1 

69 

- 

Table 2 . -  Alphabet ical  L i s t  of the  Chondrites Inves t iga t ed  Including a 
Column With the  Meta l l ic  Nickel-Iron Contents - Concluded 

Fukut omi 
Fut t ehpur 
Zirgent i 

a r l e t o n  
a r r i s o n v i l l e *  
edeskoga 
es s l e  
ijkmark 
'olbrook 
:ome s t ead 
'ohnson City* 
:andahar 
,ernouve 
.esen 
:ny a h i ny a 
;utt  ipuram 
Vushu 
,adder Creek 
; 'Aigle 
denow 
derua 
4oc s 
Ylonroe 
door es f o r t  
vew Concord 
)akley* 
3b er l i n *  
3 chans k 
Pul t  us k 
Ramsdorf 
R i c har  d t  on 
S a i n t  Michel 
S oko -Ban j a 
S t g l l d a l  en 
Tabor 
Taiban* 
Temple* 
Tomhannock Creel 
Tul ia* 
Varvik*, *** 
Walt er s * 
Zhovt nevy i 

N a m e  
Metal l ic  

n icke l - i ron ,  
weight $ 

References 

Borgstr'dm [ l9l2]** 
P r i o r  [1916b]** 
Linds tr om [ 1877 ] ** 
K e i l  [19621 



Footnotes t o  Table 2: 

, +Number i n  column one refers t o  Table 3 .  
*Meteorites a r e  f i n d s .  

**'Superior '  chemical analyses  according t o  Urey --- and Craig [1953]. 
This very  ***This meteori te  i s  l i s t e d  as NZs i n  Prior-Hey [1753]. 

ever,  a rreteorl te  f a 1  1 was observed i n  t h i s  area on May 14, 1907. 
seems l i k e l y  t h a t  t h e  stone Vgrvik, whicii wzs f n l m d  some t i m e  t h e r e a f t e r ,  
might have f a l l e n  a t  t h i s  p a r t i c u l a r  da te .  

It 

-50- 
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T a b l e  3.- Composition of Coexisting Olivine and Rhombic Pyroxene i n  86 Chondrites 

- 

No. 

- 
i 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
1-7 
18 
1-9 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31. 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 - 

Name 

- 
T 7 - - - -  
PLtZ C l l  

Richardton 
Merua 
Tabor 
Menow 
S t l l d a l  e n 
Allegan 
Ochansk 
B r  e i t  s c he i d  
Bath 
Hedes koga 
Monroe 
Florence 
Cosina 
A s s i s i  
Hessle  
Tul ia*  
Tomhannock Creek* 
Barbotan 
Charsonvi l le  
Dokachi 
Co l l e sc ipo l i  
P u l t  us k 
Akron* 
Archie 
Beardsley 
Beaver Creek 
Estacado" 
Fores t  C it y 
Oakley* 
D jat i -Pengilon 
Ekeby 
Ehole 
Butsura  
Zhovtnevyi 
Bus hnel* 
R a m s  dor f 
Fukut omi 
Mooresf o r t  
Bald Mountain 
Johnson Ci ty  
Homestead** 

Jlassifi - 
:a t ion i n  

tnd H-groups 
LL-, L-, 

H 
H 
H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
L 
L 

-7 

H 

L 
L 
L 
L 

Olivine 

Weight % 
Fe 

11.9 
12.1 
12.2 
12.2 
12.9 
13 .o 
13 .o 
13 .o 
13 .o 
13.1 
13.1 
13.1 
13.1 
13.1 
13.2 
13.2 
13.3 
13.3 
13.3 
13.3 
13.4 
13.4 
13-5 
13.5 
13-5 
13.6 
13.6 
13.7 
13.7 
13.7 

13.9 
13.8 

14.0 
14.0 
14.1 
14.3 
15.8 
15.9 
16.0 
16.1 
16.3 
16.3 - 

27.1 
27- 3 
26.8 
26.8 
26.7 
26.3 
26.6 
26.7 
26.8 
26.4 
26.7 
26.7 
26.8 

26.4 
26.6 
26.5 
26.5 
26.5 
26.8 
26.6 
26.8 

26.7 
26.7 
26.0 
26.4 
26.4 
26.6 
26.6 
26.2 

26.0 
27.1 
26.2 
25.8 

25.1 

27.4 

26.4 

25.9 

24.9 

24.4 
24.8 
24.2 
25.1 

Mol % 
Fe 

Fe f Mg 
16.1 
16.2 
16.5 
16.5 
17.4 
1-7-7 
17.5 
17.5 
17.4 
17.8 
17.6 
17.6 
17.6 
17.2 
17.9 
17.8 
17.9 
1-7.9 
17.9 
17.8 
18.0 
17.8 
18.2 
18.0 
18.0 
18.6 
18.3 

18.3 
18.3 
18.7 
18.9 
19.0 

19.0 

21.6 
21.6 
22.2 
22 .o 
22.7 
22.0 

18.4 

18.4 

19.4 

Rhombic pyro: 

Weight $ 
- 

Fe 

7.7 
7.7 
8.0 
7.8 
8.0 
8.4 
8.5 
8.2 
8.3 
8.0 
8.7 
8.2 
8.3 
8.3 
8.6 
8.2 
8.6 
8.4 
8.3 
8.7 
8.4 
8.6 
8.1 
8.5 
8.5 
8.2 
8.3 
8.5 
8.3 
8.7 
8.7 
8.6 
8.6 
8.8 
8.7 
8.8 
9.0 
LO .o 
10.0 
9.e 
9. F 
10.3 - 

M g  

19 .o 

18.7 
18.8 
18.4 
19.2 
19.4 
19.3 
18.8 
18.7 
18.8 
19.1 
18.6 

19.6 
18.6 
19.0 
18.8 
19.0 
19.0 
18.7 
19.3 
19.1 
18.8 
18.7 
18.3 
19.0 
18.6 
19.0 
18.8 
18.7 
18.5 
18.7 
19.1 
19.0 

18.0 
17.7 
17- 5 
17- 9 
17.2 
18.1 

i n  1 ,  L7.Y 

19.5 

18.4 

Ca 

0.40 

- 33 
* 32 
53 
.38 
* 37 
* 33 
.40 
.40 
50 

* 23 
.68 
43 
.42 
.42 
30 
47 
e39 
* 53 
.46 
.41 
30 
.46 
* 51 
* 45 
.48 
* 35 
.40 
.63 
.40 
* 38 
.41 
* 51 
37 
.42 

-34 
.42 
29 

* 54 
* 45 

37 
.L I 

1.1 

ne 
Mol $ 

Fe 
Fe + I,@ 
15.0 
14-7 
15.7 
15.3 
15.9 
16.0 
16.0 
15.6 
16.1 

16.8 
15.8 
16.3 
15.8 
16.0 
16.1 
16.5 
16.3 
16.0 
16.6 
16.4 
16.3 
15.6 

16.5 
16.3 
16.0 
16.6 
16.0 
16.8 
16.8 
16.8 
16.7 
16.7 
16.6 
17.2 
17.9 
19.7 
19.9 
19.3 
20 .o 
19-9 

15.7 

16.5 



- 

NO 

- 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 - 
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Table 3. - Composition of Coexisting Ol iv ine  and Rhombic Pyroxene i n  - 
86 Chondrites - Concluded 

Name 

Hijkmark 
Ladder Creek* 
L'  Aigle  
Aztec 
Colby (Wisconsin) 

E l i  -Elwah 
Forksv i l l e  
Calliham" 
Farming t on 
T a i ban* 
Ergheo 
Harr i sonvi l le*  
Blanket 
Chant 0nna.y 
Chateau Renard 
Baxt er 
New Concord 
Albar e t  o 
Kutt ipuram 
Bath Furnace 
Kandahar 
Knyahinya 
Aussun 
A l f i a n e l l o  
Arriba* 
S a i n t  Michel 
B r  uderheim 
Temple", *** 
Coon Butte* 
Brady* 
Holbrook 
Fut t ehpur 
Walt ers* 
B jurb8le  
Girgent i 
Harlet on 
Moc s 
Dhurmsala 
Cherokee Springs 
0 b er l i n *  
S oko -Ban j a 
Vgrvik 
Kernouve 

Kyushu 

C l a  s s i f  i - 
c a t i o n  i n  

md H-groups 
LL-, L-,  

L. 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
LL 
LL 
LL 
LL 
LL 
H 

O l i l  

Weight $ 

Fe 

6 . 5  
16.5 
16.7 
16.8 
17.0 
17.0 
17.1 
17.2 
17.2 
17.2 
17.2 
17.2 
17.2 
17.2 
17.2 
17.3 
1-7.3 
17.3 
17.4 
17.4 
17.4 
17.4 
17.4 
17.4 
17.4 
17.5 
1.7. 5 
1-70 5 
17.7 
17.7 
1-7.7 
17.8 
17.8 
17.8 
17.8 
17.8 
17.8 

19.0 

19.6 
20.6 

17-9 

19- 5 
1-95 

No 

14 c; 

24.6 
24.5 
24.7 
24.2 
24.4 
24.2 
23.9 
24.0 
24.0 
24.0 
24.1 
24.2 
24.4 
24.7 
24.3 
24.4 
24.4 

- ./ 

23.5 
23.8 
24.0 
24.2 
24.2 
24.3 
24.4 
23.9 
24.2 
24.4 
23.8 
24.0 
24.3 
23.8 
24.2 
24.0 
23.9 
24.2 
24.4 
24.1 
23.2 
22.7 
23 .o 
23.2 
22.0 

Mol % 
Fe 

?e + Mg 

2 2 : T  
22.6 
22.9 
22.9 
23.4 
23.3 
23.5 
23.9 
23.8 
23.8 
23.8 
23 *7 
23.6 
23-5 
23-3 
23.7 
23.6 
23.6 
24.4 
24.1 
24.0 
23.8 
23.8 
23.8 
23.7 
24.2 
23.9 
23.8 
24.5 
24.3 
24.1 

24.3 
24.4 
24.5 
24.3 
24.1 
24.4 

24.6 

26.3 
27.2 
27.0 
26.9 
29.0 

i v i n e  found 

Rhombic r?froxenc 

Weight $ 

Fe 

9.8 
10.5 
10 .o 
10.2 

10.4 

10.4 

10.5 

10.7 

10.7 
10.3 
10.8 
10.5 
10.4 
10.7 
10.4 
10.3 
10.7 

10.6 
10.4 

10.5 
10.4 
10.4 
10.6 
10.6 
10.6 
10.7 
10.8 
10.9 
10.7 
10.6 
10.5 
10.5 
10.5 
10.7 
10.8 
10.9 
10.8 
10.5 
11.2 
11.5 
11.8 
11.6 
12.3 
8.5 

m 
17.5 
17.2 
17.5 
17.9 

17.8 
17.2 
17.2 
17.4 
17.4 
1.7.7 
17.4 
17.7 
17.6 
17.4 
17.7 
17.7 
16.7 
1% 5 
17.3 
17.7 
17.5 
17.6 
17. 5 
17.2 
17- 5 
18.2 
17.5 
17.6 
17.9 
17.4 
17.4 
17.4 
17- 5 
17.7 
18.0 
17.4 
17.1 
17.0 
16.9 
17.2 
16.4 
18.8 

17.4 
17.4 

- 

C a  

1.36 
.65 
-54 
.64 
-30 
.49 
.34 
.60 
.62 
57 

* 45 
.36 
.63 
.46 
-53 
* 56 
.63 
.46 
.40 
* 59 
-52 
45 
54 
.49 
.65 
.43 
-55 
* 39 
.47 
' 54 
65 
.60 
- 51 
* 52 
.34 
-47 
* 55 
.46 
.60 
-45 
.45 
.36 
.62 
.48 

__I 

1401 p 
Fe 

Fe + PIg 

19.6 
21.0 
1-9-9 
19.9 
20.8 
20.6 
20.7 
20.8 
21.3 
20.5 
21.3 
20.5 
20.6 
20.8 
20.5 
20.5 
20.8 

21.7 
20.7 
20.7 
20.4 
20.9 
20.8 
20.9 
21.3 
21.2 
20.7 
21.0 
20.8 
20.3 
20.8 
20.8 
21.1 
21.2 
21.1 
20.7 
20.8 
22.2 
22.8 
23.3 
22.7 

16.5 

20.4 

24.6 
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Footnotes t o  Table 3: 

*Meteorites are f i n d s .  
**On t h e  bas i s  of t h e  ' super ior '  ana lys i s  by P r i o r  [1918], 

Urey and Craig [1953] c l a s s i f i e d  the  chondri te  Homestead as belonging 
t o  t h e  L-group. This  i s  i n  agreement with t h e  r e s u l t s  of t h e  X-ray 
d i f f r ac t , i on  analyses  of t h e  s i l i c a t e s  (Mason, personal  communication) 
and t h e  e l ec t ron  microprobe analyses  of coexisting o l i v i n e s  and 
rhombic pyroxenes ( t h i s  paper) . 

--- 

According t o  t h e  p lan imet r ic  i n t eg ra t ion  analyses  of t h r e e  l a r g e  
pol i shed  sec t ions  ( t o t a l  measured area 46.3 em2) from two co l l ec t ions  
(Mineralogical  I n s t i t u t e ,  Humboldt Univers i ty ,  Be r l in ,  Germany, and 
Mineralogical  I n s t i t u t e ,  Universi ty  of Greifswald,  Germany) t h i s  mete- 
o r i t e  has r ecen t ly  been c l a s s i f i e d  as a H-group chondr i te  [Ke i l ,  
1962a,b].  Since Homestead i s  c l a s s i f i e d  as a polymict b recc ia  [ P r i o r  
-- and Hey, 19531, it i s  a n  in t r igu ing  thought t h a t  t h i s  meteor i te  might 
be a mixture of L-  and H-group fragments. However, Mason's sugges- 
t i o n ,  t h a t  t h e  B e r l i n  and Greifswald sec t ions  might be mislabeled 
p ieces  of some o ther  chondr i tes ,  should be considered as a l i k e l y  
explanat ion (Mason, personal  communication). 

**The s tone  meteor i te  Temple has formerly been c l a s s i f i e d  as 
being an achondri te  (American Meteorite Laboratory, Denver, Colorado). 
However, t h e  meteor i te  w a s  found t o  be a t y p i c a l  L-group chondri te .  
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Olivine Rhombic pyroxene 
Mol % Mol $ 

Weight 5 Number 
AC Weight $ - Fe Fe 

Fe Mg C a  FF! + 

Group VI 

F e + m  chondri tes  $'e 

LL 5 19.6 22.8 27.3 11.7 16.9 0.50 23.1 
L 44 17.2 24.3 23.6 10.4 17.6 .50 20.5 

H 36 13.3 26.6 17.9 8.4 18.9 .42 16.2 

T o t a l  chondri tes  85 15.7 25.1 21.4 9.6 18.1 .47 18.9 

Table 4 . -  Average Composition of Olivine and Rhombic Pyroxene i n  LL-, L- ,  
and H-Group Chondrites 

1 
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Footnotes t o  Table  5: 

T h e  chondri tes  Dhurmsala, Ensisheim, and Mainz, formerly 

According t o  t h e  me ta l l i c  n i cke l -  
c l a s s i f i e d  i n t o  t h e  L-group [Ke i l  -7 1962a,b] have been included i n  
t h e  average f o r  t h e  LL-group. 

i r o n  content and t o  t h e  

pyroxene, t h e  Dhurmsala- meteor i te  i s  a t y p i c a l  LL-group chondri te .  
However, t h e  c l a s s i f i c a t i o n  of t h e  Ensisheim and Mainz chondri tes  
i n t o  t h e  LL-group i s  somewhat laCert .a in ,  s i n c e  it i s  only based on 
one parameter, namely, t h e  meta l l ic  n i cke l - i ron  content .  

chondri te .  This  meteor i te  w a s  picked up f ivc  years  a f t e r  t h e  f a l l  
and, t he re fo re ,  i s  considerably weathered. 
i r o n  va lue  may w e l l  be due t o  t h i s  e f f ec t ;  however, t h e  microprobe 
analyses  of o l i v i n e  and rhombic pyroxene i n  t h i s  meteor i te  confirm 
i t s  c l a s s i f i c a t i o n  i n t o  t h e  L-group. 

P i l l i s t f e r ,  and Lance, s ince  they belong t o  sepa ra t e  groups ( e n s t a -  
t i t e  chondri tes  and ornans i tes ,  r e s p e c t i v e l y ) .  
chondr i te  Homestead has been excluded from t h e  average, s ince  t h e  
s l a b s  inves t iga t ed  were probably mislabeled ( c f .  foo tnote  t o  
Table 3 ) .  

Guidder (3 .92)  has been excluded. 

Bowden (3.39),  Cosina (3.10) , and Hedeskoga (3.17) have been 
excluded. 

Fe 
Fe + Mg r a t i o s  i n  o l i v i n e  and rhombic 

*+The average includes t h e  low va lue  (1.56$) of t h e  Ergheo 

The low me ta l l i c  n i cke l -  

***Excluded from t h i s  average are t h e  chondri tes  H v i t t i s ,  

I n  addi t ion ,  t h e  

+ F r o m  t h i s  average, t h e  doubtful  va lue  of t h e  chondri te  

++From t h i s  average, t h e  doubtful  va lues  of t h e  chondri tes  
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Ol iv ine  
Mol $ 

Fe 
Weight % 
Fe M g  Fe +Mg 

17.8k0.2 23.950.2 24.5to.3 

Table 7. - Chondrite B ju -bUc .  Average composition of 84 Olivine 
Crys ta l s  From 17 Indiv idua l  Chondrules and 15 Rhombic Pyroxene 
Crys ta l s  From 6 Indiv idua l  Chondrules 

Rhomb i c pyroxene 

Mol $ 
Fe 

Weight ’$ 
- - 

Fe Mg C a  Fe +Mg 

i0.8f0.4 17.5tG.3 0.34kO.l 21.2k0.3 
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FIGURE TITLES 

Figure 1.- Cal ibra t ion  curves f o r  Fe and Mg i n  o l i v i n e .  

Figure 2 . -  Calculated c a l i b r a t i o n  curves f o r  Fe and Mg i n  rhombic 

pyroxene. 

Figure 3 . -  Chondrite Bjurbb'ie. Frequency d i s t r i b u t i o n  of t h e  mol 

Fe i n  o l iv ine .  Eighty -f our analyzed Fe + M g  
per  cent r a t i o s  

ind iv idua l  o l i v i n e  c r y s t a l s  from seventeen d i f f e r e n t  chondrules,  

average 24.5tO. 26. 

Fe 
Fe + M g  

i n  o l i v i n e  p l o t t e d  aga ins t  r a t i o s  

i n  rhombic pyroxene f o r  t h e  chondri tes  l i s t e d  i n  Table 3 

per  c e n t ) .  

Figure 4. - Ratios  

1 FP 

Fe 
Fe + Mg 

( i n  mol 

\ ~ e  - -  + ~g o l i v i n e  Figure 5 .  - Frequency d i s t r i b u t i o n  of t h e  r a t io s  

(FeFz &)rh.  pyroxene 
f o r  t h e  chondri tes  l i s t e d  i n  Table 3. 

Fe minus ( ) Fe Figure 6 . -  The d i f f e rence  
Fe + MF: r h .  pyroxene 

i n  chondri tes  increases  with increas ing  oxidized i ron .  

Fe 
Fe i- M g  

Figure 7 . -  Frequency d i s t r i b u t i o n  of t h e  mol per  cent  r a t i o s  

i n  o l i v i n e  f o r  t h e  chondri tes  l i s t e d  i n  Table 3. 
Fe 

Fe + Mg 
Figure 8 . -  Frequency d i s t r i b u t i o n  of t h e  m o l  per  cent  r a t i o s  

i n  rhombic pyroxene f o r  t h e  chondri tes  l i s t e d  in Table 3. 

Figure 9. - Frequency d i s t r i b u t i o n  of t h e  calcium content of rhombic 

pyroxenes i n  t h e  chondri tes  l i s t e d  i n  Table 3 .  

Figure 10.-  Calcium content i n  t h e  rhombic pyroxenes of t h e  chondri tes  

l i s t e d  i n  Table 3. 
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Figure 11. - Rela t ion  between the  amount of m e t a l l i c  n i cke l - i ron  and 

oxidized i r o n  i n  o l i v i n e  and rhombic pyroxene. The m e t a l l i c  n i cke l -  

i r o n  values  of chondr i tes ,  symbolized by c rosses ,  were obtained from 

papers by K e i l  [1962a,b]; t h e  values  symbolized by c i r c l e s  were 

obtained from ' supe r io r '  chemical analyses  of s e v e r a l  sources 

( c f .  Table 2 ) .  

Fe 
Fe + Mg 

as ca l cu la t ed  from FeO and MgO Figure 12. - Mol per  cent  r a t i o s  

Fe i n  o l i -  Fe + Mg of ' supe r io r '  bulk chemical analyses  versus  r a t i o s  

v ine  and rhombic pyroxene of  chondri tes  obtained by microprobe 

analyses .  1 

Figure 13 . -  Chondrite Chainpur. Composition of i nd iv idua l  pyroxene 

c r y s t a l s  from ind iv idua l  chondrules, p l o t t e d  '*in MgSiOs-FeSiOs-CaSi03 

concentrat ion t r i a n g l e s .  

Figure 1 4 . -  Carbonaceous chondri te  Murray. Frequency d i s t r i b u t i o n  of 

i n  63 i nd iv idua l  o l i v i n e  c r y s t a l s .  Fe 
Fe + Mg t h e  mol per  cent r a t i o s  

Figure 1 5 . -  Phase r e l a t i o n s  of 1 5 5 O o C  i n  t h e  MgO-FeO-Si02 system a f t e r  

Bowen and Scha i r e r  [1935]. 

and S i 0 2  f o r  L-  and H-group chondri tes ;  H t o t  and hot were ca l cu la t ed  

from these  va lues  by adding FeO corresponding t o  average me ta l l i c  Fe 

contents ;  O t o t  r ep resen t s  t h e  carbonaceous chondri te  Orguei l .  

and Lol i nd ica t e s  average o l i v i n e  compositions. 

t h a t  more f e r rous  i r o n  than now i n  t h e  s i l i c a t e s  w a s  present  during 

o l i v i n e  c r y s t a l l i z a t i o n .  

po in t  remains p r a c t i c a l l y  constant  2 1 5 5 O o C ,  for example, above t h e  

L s i l  and Hsil show average M g O ,  FeO, 

Hol 

The f i g u r e  i l l u s t r a t e s  

Note a l s o  t h a t  from Htot  t o  H s i l  t h e  melting 

melting poin t  of n icke l - i ron .  
































